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Abstract
The work presented in this thesis is motivated by the great commercial impact of or-
ganic semiconductors especially in optoelectronics. In particular, we focus our attention
on some of the current challenges in organic light-emitting diodes from the point of
view of the photophysical properties of materials (i.e. via steady-state and time-resolved
photoluminescence characterization) and the device physics.
In view of the interest in near-infrared emission, we propose two ways to obtain emis-
sion at long wavelength. Firstly, we report a new molecular design of one of the currently
best performing polymer for near-infrared light-emitting diodes. We investigate the sub-
stitution of sulphur with selenium and find that it is more effective both in terms of photo-
and electro-luminescence efficiency than by exploiting higher sulphur-chromophore load-
ings, while achieving a more important red-shift. Secondly, we explore the tuning of
the energy gap through a careful choice of the relative positions of the frontier levels
of two organic semiconductors. Following this strategy, we obtain a nearly pure near-
infrared electroluminescence with essentially no emission from the single components at
any operational voltage. We believe that results obtained are a valuable feedback as
they suggest materials design criteria.
Given to the potential of phosphorescent materials for obtaining high efficiency
OLEDs, we also consider the investigation of a novel emitter based on a wide-gap host
co-polymerized with a low-gap phosphorescent emitter for efficient energy transfer.
Finally, we report a detailed investigation of the photoluminescence emission at
low temperature of the fullerene derivative [6,6]-phenyl-C61-butyric acid methyl ester
(PCBM), widely employed as an electron acceptor in organic solar cells. Owing to the
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availability of solvent-free single-crystals, whose growth has been recently reported by
our group, we are able to investigate PCBM optical properties without solvent depen-
dence. Our attempt is to provide significant information on the ordering and relative
importance of the relevant excited states in PCBM.
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Introduction
Nowadays, organic semiconductors are of great commercial interest especially in the
optoelectronic field [1, 2]. In particular, organic light-emitting diodes (OLEDs) based
displays and lighting panels are already available on the market, and other technologies
(i.e. solar cells, transistors) are close to the market entry [3]. Yet, there is still room
for improvement both on device fabrication techniques for large-scale production and
on design of each component. In particular, great efforts are currently made to obtain
control on the emission wavelength (i.e from near-infrared emission to white OLEDs),
optimize the interface between device components, maximize the power efficiency, extend
device lifetime and stability, and exploit phosphorescent emitters, to name a few. In this
respect, the investigation of photophysical properties of organic semiconductors provides
important information to address many of these open problems by giving valuable insight
into their properties at the molecular scale [4, 5].
The work presented herein focuses on various aspects of optical and electronic pro-
cesses occurring in organic semiconductors. In particular, our interest is concentrated
on photo- and electrical- excitations and the relaxation of electronic excited states in-
volving a change of multiplicity, or intra- and inter-molecular interactions, or vibronic
couplings between two electronic excited states. We also study charge and energy trans-
fer between donor and acceptor systems. We mainly look into these processes by means
of steady-state and time-resolved photoluminescence techniques and photoluminescence
spectroscopy at cryogenic temperatures. In adidition, we evaluate materials properties
when incorporated into a lab-scale OLED device. Information gathered is useful to in-
terpret device operation, obtain a better understanding of the nature of the electronic
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processes and also as a feedback for the design of new devices and materials.
Overview of the thesis
This thesis is divided into six chapters. The first two chapters give a general introduction
on organic semiconductors and experimental techniques used, while various issues of
general interest in optoelectronics are being addressed in the following chapters. Detailed
descriptions of the content of each section are given as follows.
Chapter 1 provides an introduction to the basic concepts of optoelectronics. We
begin with a general description of an organic semiconductor discussing the principle of
conjugation and the origin of semiconductor properties. This is followed by a general
outline on the formation of neutral and charged excitations and their involvement in the
charge transport and luminescence processes. In particular, we focus on the properties
of radiative and non-radiative transitions as well as selection rules both for isolated and
interacting molecules. Finally, the working principle and structure of an OLED are
presented.
Chapter 2 gives a description of the basic techniques used to understand radiative
and non-radiative transitions, i.e. steady-state and time-resolved spectroscopies. In
the second half of the chapter, we provide an outline on the fabrication procedure and
characterization of solution-processed OLEDs.
In chapter 3 we study the impact of chemical modifications in a well-known class of
near-infrared (NIR) emitters, namely benzotriazolothiadiazole-based polymers. Given
the general interest in NIR emission, we investigate the substitution of a sulphur for a
selenium atom as a competing strategy to push emission further into the NIR. We also
investigate whether the functionalization of the polymer backbone with a straight alkyl
side chain compared to a branched chain has beneficial effects for the incorporation of
these materials into OLEDs.
Chapter 4 provides another example of a strategy to achieve NIR emission by exploit-
ing the interface of two organic semiconductors with a proper gap between their energy
levels. We select a discotic electron-transporting molecule and a hole-transporting poly-
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mer whose have been shown to support the formation of excited-state complexes at their
interface. We characterize the nature of the radiative decay from such state upon photo-
and electrical-excitations.
In chapter 5 we report the investigation of a phosphorescent emitter, namely a Pt(II)-
porphyrin complex, incorporated in the backbone of a polyfluorene polymer. We explore
various loadings of the porphyrin content and evaluate the impact on the co-polymer
optical properties. Given the potential of phosphorescence emitters to achieve nearly
100% internal quantum efficiency, we also incorporated the materials into OLEDs.
Chapter 6 presents a detailed study of the photoluminescence emission of a small
molecule widely used in organic optoelectronics, namely [6,6]-phenyl-C61-butyric acid
methyl ester (PCBM), a functionalized C60-fullerene. The emission is studied at cryo-
genic temperatures to allow for a highly resolved spectrum and therefore a fine under-
standing of the optical transitions. Given the importance of the crystalline phase for
PCBM, we also compare the photoluminescence emission for samples with different crys-
tallinity, from the amorphous phase to a solvent-free single crystal, whose growth have
been only recently reported.
Finally, a summary of the achievements obtained as well as an outlook on future work
is given in chapter 7.
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Organic semiconductors are a wide class of carbon-based materials that comprise small
molecules and polymers showing semiconductor properties. These materials have at-
tracted considerable attention in the second half of the twentieth century after the dis-
covery of their electrical conductivity and electroluminescence (i.e. light emission upon
electrical excitation). The first was discovered in doped polyacetylene in 1977 by Shi-
rakawa, MacDiarmid and Heeger [6]. The second was reported in 1963 by Pope et al. for
anthracene single-crystals [7] and in 1990 by Burroughes et al. for poly(p-phenylene viny-
lene) [8], a small molecule and a polymer respectively. Consequently, organic semicon-
ductors became promising candidates for optoelectronic devices, such as OLEDs [8–10],
organic photovoltaic cells (OPV) [11–14] and field-effect transistors [15–17]. Besides their
optical and electronic properties, they offer several advantages, e.g. fine tunability of
their chemical structure, use of solution-processing techniques, low-cost manufacturing,
structurally flexible and large area devices production [2, 18, 19]. Indeed, organic opto-
electronics is an emerging technology that has recently reached the commercialization
stage, e.g. from OLED-based displays for televisions and mobile devices [3] to transpar-
ent and coloured photovoltaic fac¸ades [20]. Along with great progress in the technological
developments, fundamental material properties and underlying processes that govern de-
vices operation have been extensively investigated, e.g. charge transport [21], energy and
charge transfer [22] and optical properties [23–25].
Some of the most common organic semiconductor classes typically investigated for
optoelectronic devices are shown in Fig. 1.1. Widely studied fluorescent polymer emit-
ters are poly(p-phenylene) [26], poly(p-phenylene vinylene)s (PPV) [27], polyfluorenes
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Figure 1.1: Chemical structure of representative organic semiconductor classes commonly used in op-
toelectronics and relevant for this thesis.
[4, 28], polycarbazoles [29], diketopyrrolopyrroles [30], benzothiadiazoles [31]. Among
phosphorescent emitters, organometallic complexes based on iridium and platinum(II)-
porphyrins have been demonstrated to show high electroluminescence efficiency [32,33].
For organic photovoltaics, particularly important semiconductors are polythiophenes as
donors and fullerene derivatives as acceptors [2, 34].
1.1 Electronic properties
1.1.1 pi-conjugated system
The electrical conductivity in organic semiconductors results from the properties of the
carbon atom when in a pi-conjugated system [35]. The electronic configuration of a
carbon atom in the ground state is 1s2 2s2 2p2. However, in order to explain the structure
of carbon-based compounds, the concept of orbital hybridisation is introduced. By
mixing s and p orbitals to form new hybrid orbitals with different shape, energy and
spatial orientation than the unhybridized counterparts we can better describe carbon
bonding.
In the case of conjugated systems, carbon is sp2 hybridised (see Fig. 1.2a). The
2s orbital is mixed with two 2p orbitals, out of three 2p orbitals available, forming
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Figure 1.2: a, Representation of the sp2 hybridisation for a carbon atom. Two 2p-orbitals and the
2s-orbital take part in the hybridisation process. This results in the formation of three
sp2-hybrid orbitals and one unchanged p-orbital that lies at right angles to the plane of
the hybrid orbitals. Revised from the Nottingham Trent CELS resource. b, σ- and pi-
bonds formation for two sp2-hybridised carbon atoms and the energy diagram showing
the bonding and antibonding molecular orbitals. c, Chemical structure of benzene and
its energy diagram. d, Chemical structure of PPV and its energy diagram. Increasing
the number of carbon atom results in quasi-continuous bands of occupied and unoccupied
states. Revised from orgworld.de
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a total of three sp2 orbitals containing one electron each. These three equivalent sp2
orbitals are coplanar, with an angle of 120◦ between them, and form three σ-bonds with
neighbouring atoms. The third 2p orbital, 2pz, contains one electron, does not take part
in the hybridization and is perpendicular to the sp2 plane. When a 2pz overlaps with a
2pz of another sp
2-carbon atom a pi-bond (or double bond) is formed, as in ethene (see
Fig. 1.2b). The region of overlapping extends above and under the σ-bond plane. The
overlap of two 2pz leads to the formation of a molecular bond and to the subsequent
splitting into a bonding molecular pi-orbital and an anti-bonding molecular pi*-orbital.
The pi orbital is lower in energy than the original pz orbital while the pi*-orbital is
higher in energy than the atomic orbital. Thus, in the ground state, the two electrons
coming from the pz orbitals of two carbon atoms will occupy the pi-orbital. Similarly,
the overlap of two sp2 orbitals gives rise to the formation of a bonding σ-orbital and
an anti-bonding σ*-orbital respectively lower and higher in energy compared to their
respective pi-orbitals.
Increasing the number of sp2 hybridised carbon atoms results in quasi-continuous
bands of occupied and unoccupied states where the highest bonding pi-orbital is referred
to as the highest occupied molecular orbital (HOMO) and the lowest anti-bonding pi*-
orbital as the lowest unoccupied molecular orbital (LUMO), i.e. as in benzene or PPV
(see Fig. 1.2c-d). The energy difference between LUMO and HOMO, termed energy gap
(Eg), defines some of the semiconductors properties. Eg reduces as the alternating single
and double bound system extends affecting the HOMO/LUMO positions. For organic
conjugated molecules, Eg is typically between 1.5 and 3 eV leading to optical transitions
in the visible and near-infrared region of the electromagnetic spectrum.
Finally, we define a pi-conjugated system an organic small molecule or polymer with
alternating single and double bonds and characterized by the spatial extension of the
pi-orbitals over the carbon atoms backbone allowing delocalization of the electrons (con-
ceptually described as a resonance bonding). Examples of pi-conjugated systems are
benzene and PPV, Fig. 1.2c-d. Note that the single and double bond alternation is
a schematization as we know that the bond lengths between carbons are equal and,
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specifically, intermediate between that of a single and a double bond. The electrical
conductivity arises from the electron delocalization, in fact electrons are free to move
along the carbon backbone as long as such resonance interaction between the pi-bonds
subsists. It is therefore evident that the conjugation length (that is, the extention of the
pi-electron delocalization) affects both the electrical conductivity and the optical proper-
ties. However, in polymers it is often disrupted because of intrinsic or dynamical defects
as discussed in section 1.2.4. The conjugated segment of an organic semiconductor is
referred to as chromophore. We can describe a polymer as a sequence of chromophores
of a certain conjugation length with strong intramolecular electronic interaction (the
resonant bonding) but weakly coupled one another.
1.1.2 Electronic excited state complexes and charge transport
In the previous section we said that conjugated polymers have strong intramolecular
electronic interactions, arising from the resonance interaction between the pi-bonds, and
weaker intermolecular electronic interactions because of poor overlap of the electronic
wavefunctions between adjacent chains or chromophore segments [36]. In the ground
state, electronic wavefunctions are therefore usually localized on a single chromophore.
Also, electron-electron interactions are not effectively screened because of a low dielectric
constant and electron-lattice interactions are relevant. It follows a peculiar behaviour of
the conjugated systems upon photo- and electrical- excitations. As a consequence, either
charged or neutral excited state complexes (or electronic excitations) can be formed and
because of their coupling with the environment they are referred to as quasi-particles [1]
(see Fig. 1.3). These excitations are involved in the charge transport and luminescent
properties of organic semiconductors.
An excess of charge in a conjugated polymer may be due to oxidation or reduction,
charge injection or photoinduced charge transfer. The presence of a net charge locally
modifies the ground-state equilibrium geometry (typically a benzenoid-like geometry for
a non-degenerate ground-state system) with respect to the sense of bond alternation,
i.e. it adopts a quinoid-like geometry (see Fig. 1.3). We define polaron a charged
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Figure 1.3: Structural changes of poly(p-phenylene vinylene) and the energy levels indicating the oc-
cupation of the midgap state upon neutral (exciton) and charged (polaron and bipolaron)
excited state complexes. The presence of an excess of charge distorts the conjugated system
from a benzenoid-like to a quinoid-like geometry. Revised from [37,38]
.
quasi-particle (electron or hole) plus the distortion of the charge’s surroundings, i.e.
local rearrangement of bond alternation. The polaronic deformation can be seen as a
lattice polarization that tends to localize the charge. However, polarons can move across
the polymer chain and between chains influencing the charge transport as discussed
below. Also, they create mid-states in the energy gap. Polarons can be either positive
or negative depending on the charge carrier. Two polarons of the same sign weakly
bounded are termed bipolarons for which the lattice deformation is the attracting force
that counterbalances the Coulombic repulsion [5, 37].
As mentioned, polarons are typically localized states that prevent coherent charge
transport since the charge is self-trapped by the distortion it creates in the system.
Charge transport in organic semiconductors is still actively debated [21, 39, 40]. Band-
like transport has been reported for highly purified pentacene and rubrene samples where
electrons delocalization over different molecules is possible because of intermolecular elec-
tronic coupling. However, in presence of localized states, transport occurs via hopping
mechanism between these states upon thermal activation or phonon-assisted tunneling
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(emission/absorption of a phonon to overcome energy barriers). Room temperature
charge mobilities (expressed as velocity over electric field) range from 10−6 up to 10−3
cm2·V−1·s−1 for disordered polymers and up to 0.1-1 cm2·V−1·s−1 for ordered struc-
tures [16,41].
Given the low dielectric constant, i.e. typical values 2-4 [14, 42], the coulombic at-
traction between two opposite charges, a hole and an electron, is weakly screened. That
is, the opposite charges still feel mutual attraction and as a consequence they can form
electron-hole pair with relatively large exciton binding energies of ∼0.5-1.5 eV [43, 44].
Such electron-hole pairs are termed Frenkel exciton. Exciton diffusion or transport is
usually described with Fo¨ster and Dexter energy transfer models (see section 1.2.3).
Excitons are neutral quasi-particles that can be generate via photoexcitation, i.e. by
promoting an electron to an excited state, or via electrical excitation, i.e. by mutual
capture of free charges that come within close proximity. Depending on the total spin
S, excitons can be singlets (S=0) or triplets (S=1). Upon photoexcitations, singlets
are primary formed due to selection rules [23]. A photogenerated exciton can decay
radiatively (i.e. photoluminescence) or non-radiatively, undergo charge separation, etc.
Under electrical excitation, instead, injected charges interact forming either a singlet or
a triplet state following a 1:3 ratio [45]. Again, excitons can then undergo a radiative
(i.e. electroluminescence) or non-radiative deactivations. Further details on radiative
and non-radiative exciton deactivation processes will be given in section 1.2.
In donor and acceptor systems, another state that plays a major role for the function
of optoelectronic devices is the charge transfer state (CT state). The CT state is an
intermediate state between the exciton and the charge separation at the donor/acceptor
heterojunction. It is therefore relevant in solar cells for efficient generation of free charges
[46]. It is characterized by both a ionic and an excitonic character and may have a weak
optical coupling with the ground state [47].
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Figure 1.4: Jablonski diagram: S0, S1 and S2 are the ground state, the first and second excited state
respectively. T1 indicates a triplet state. Radiative decays are represented with solid lines,
non-radiative decays with dashed lines. Details on processes depicted in the diagram are
reported in the text.
.
1.2 Optical properties
1.2.1 Jablonski diagram
In the previous section, we mentioned the formation of an exciton upon light absorption
and its radiative decay, i.e. with emission of a photon. Here we illustrate the processes
that occur between the absorption and the emission of light [48]. These processes are
often visually described using a Jablonski diagram (see Fig. 1.4).
In Fig. 1.4, the electronic energy levels are indicated as S0, S1 and S2, i.e. the ground
state, the first and second excited state respectively. The states are arranged vertically
by energy. For each electronic level, the vibrational levels are also shown, i.e. depicted
by 0, 1, 2, 3 for S0. Vibrational levels have a smaller spacing in energy (∼0.1 eV) than
electronic levels. Radiative processes, namely processes that involve the emission of a
photon, are indicated with solid lines whereas non-radiative processes with dashed lines.
States with different spin multiplicity are displayed horizontally.
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The absorption is described as a vertical transition from S0 to S1 or S2 (hνabs in
Fig. 1.4) and occurs in about 10−15 s. Both S1 and S2 are excited singlet states, that
is the electron is paired by opposite spin with the ground-state electron (spin angular
momentum = 0). Usually, electrons promoted to S2 relax to S1 by internal conversion
within 10−12 s. As stated by Kasha’s rule, return to the ground state is most likely to
take place from the lowest vibrational level of the first excited state, i.e. S1. The return
to the ground state can occur to higher vibration levels of S0; electrons will then relax to
the lowest vibrational level of S0 within 10
−12 s by internal conversion. The emission of
light, or radiative decay, from an excited singlet state is called fluorescence and occurs
in the nanoseconds time scale.
From S1, conversion to a triplet state (T1) may occur by intersystem crossing. In
the triplet state, the electron has the same spin orientation as the one in the ground
state (spin angular momentum = 1), the return to the ground state from T1 is therefore
spin-forbidden. Organic semiconductors are usually characterized by a weak spin-orbit
coupling hence emission from triplet states is unlikely. Emission from triplet states
occurs typically over milliseconds to seconds and is referred to as phosphorescence. Flu-
orescence and phosphorescence initiated by photoexcitation are generally termed photo-
luminescence (PL).
The Franck-Condon principle states that electronic transitions occur without changes
of the nuclei position because the timescales of the two processes are significantly dif-
ferent, namely ∼10−15-10−16 s for the electronic transitions and ∼10−13-10−14 s for the
nuclear vibrations to occur [49]. Also, the electronic transition will be more likely to
happen between two vibrational levels whose wavefunctions overlap more significantly,
see Fig. 1.5a. Usually the 0-0 transition is not the most probable one because the equi-
librium geometry in the excited state is generally different to that of the ground state,
this displacement in the nuclear coordinates is indicated as q01 in Fig. 1.5a. Given the
energy diagram in Fig. 1.5a, the most intense transition is the vertical one as shown in
Fig. 1.5b. Theoretically, emission and absorption are the mirror images of one another
although many exceptions may occur.
33
1 Organic semiconductors
Figure 1.5: a, Morse potential energy curves for S0 and S1 of a diatomic molecule. The vibrational
wavefunctions for each state are depicted in gray. The digram shows the Franck-Condon
principle. The most probable transition is indicated with a vertical solid line: in this
case the most favourite absorption/emission transition is between ν = 0 and ν = 1. b,
Schematic representation of the absorption and fluorescence spectra corresponding to the
energy diagram shown on the left and the mirror-image rule.
We define Stokes’ shift the difference in wavelength between the 0-0 electronic transi-
tion positions of the absorption and emission spectra. In general, conjugated polymers
show a broad absorption and emission spectra and a large Stokes’ shift. The energy
breadth of the spectra is given by defects along the polymer chain (i.e. conjugation
breaks, chemical defects or conformational disorder). The absorption spectrum is usu-
ally more featureless; in fact it consists of absorption of chromophores with different
conjugation lengths. The longer conjugation segments will have a lower pi-pi* energy
gap whereas the energy gap of the shortest segments will be much higher. On the con-
trary, the emission spectrum usually displays a structured band, the vibronic (combined
electronic and vibrational) features, and is Stokes-shifted. The reason is that excitons
on shorter conjugation segments (high energy) will relax by energy transfer to longer
conjugation segments (low energy), so that the emission mainly comes from low en-
ergy states [24]. Vibrational relaxation (i.e. torsional relaxation) and electronic energy
transfer to lower energy sites are the main causes of the Stokes’ shift [50, 51].
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The ratio between the number of photons emitted relative to the number of photons
absorbed is a crucial parameter to describe the optical properties of a chromophore and
it is defined as photoluminescence quantum efficiency, ηPL . It can be expressed in terms
of the radiative and non-radiative rate according to the formula:
ηPL =
kr
kr + knr
, (1.1)
where kr is the radiative rate of the fluorophore for S1 → S0 and knr its non-radiative
decay [48]. These processes are relevant in determining the limits to the efficiencies of
optoelectronic devices such as OLEDs. An experimental method to determine ηPL is
reported in section 2.1.1. In this context, the PL lifetime (τ) is a fundamental parameter
to investigate excited state dynamics. It can be written as,
τ =
1
kr + knr
, (1.2)
τ describes the average time a molecule stays in the excited state before returning to
the ground state and it is particularly sensitive to the environment [48]. A method to
investigate the PL lifetime is described in section 2.1.2. Combining eq. 1.1 and eq. 1.2
we can determine the radiative and non-radiative decay constants.
1.2.2 Selection rules
A more detailed description of absorption and emission of photons is given by quantum
mechanics. By means of mathematical functions termed wavefunctions, we can describe
electronic, vibrational and spin energies for a molecular system and therefore give a
rigorous interpretation of allowed and forbidden processes mentioned in section 1.2.
The probability P
2
Ψ′→Ψ′′ for a molecule of a transition between two electronic states,
i.e. the initial state Ψ′ and the final state Ψ′′, depends on the nature of the initial and
final state wavefunctions and the strength of the interaction between incident photons
and states [52]. In quantum mechanics, such probability is given by the square modulus
of the electronic transition dipole moment, |~µ|2.
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In mathematical form we can write the probability amplitude PΨ′→Ψ′′ ,
PΨ′→Ψ′′ =
∫
Ψ′′∗ · ~µ ·Ψ′dτ = 〈Ψ′′|~µ|Ψ′〉 (1.3)
Within the Born-Oppenheimer approximation, the wavefunction of a molecule can
be described as a product of the electronic and the nuclear wavefunctions, ψe and ψn
respectively. Therefore, the transition dipole moment can be writen,
〈Ψ′′|~µ|Ψ′〉 = 〈ψ′′eψ′′n|( ~µe + ~µn)|ψ′eψ′n〉 (1.4)
Furthermore, the nuclear wavefunction ψn is further separated into vibrational and
rotational contributions,
Ψ = ψe(r,Req) · ψv(R) · ψr(R) (1.5)
where ψv is the vibrational component and ψr the rotational component. ψe depends
on the nuclear positions but not on nuclear velocities. In fact, nuclei are seen as fixed
in a position (Req, the equilibrium position) on the timescale of electrons motion given
that nuclei are several thousand times heavier than electrons (the proton, itself, has a
mass of mp ' 1.7 · 10−27 kg whereas an electron has a mass of me ' 9.1 · 10−31 kg).
Rotational and vibrational wavefunctions only depend on the nuclear coordinates R.
Since the electronic spectra considered are not rotationally resolved, this contribution is
not discussed any further.
Furthermore, ψe can be written as the product of the individual electronic spatial and
spin wavefunctions,
ψe = ψel · ψs (1.6)
assuming that the interaction between the two components is negligible.
Combining Eq. 1.3, Eq. 1.5 and Eq. 1.6, we can write,
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〈Ψ′′|~µ|Ψ′〉 =
∫
ψv
′′∗ψs′′
∗
ψel
′′∗( ~µ
el
+ ~µn)ψv
′ψs′ψel′dτ
=
∫
ψv
′′∗ψv ′dτv
∫
ψs
′′∗ψs′dτ s
∫
ψel
′′∗ ~µelψel
′dτ el+
+
∫
ψv
′′∗ ~µnψv
′dτv
∫
ψs
′′∗ψs′dτ s


∫
ψel
′′∗ψel′dτ el
(1.7)
Given the orthogonality of the electronic wavefunctions, the
∫
ψel
′′∗ψel′dτ el term van-
ishes.
The probability for the transition Ψ′ → Ψ′′ can finally be written,
P
2
Ψ′→Ψ′′ ∝ |〈ψ′′v|ψ′v〉|2︸ ︷︷ ︸
Franck-Condon factor
· |〈ψ′′s|ψ′s〉|2︸ ︷︷ ︸
Spin selection rules
· |〈ψ′′el| ~µel|ψ′el〉|2︸ ︷︷ ︸
Orbital selection rules
(1.8)
The first term of the right-hand side determines the overlap of the two vibrational wave-
functions, defined as Franck-Condon factor. The intensity of a vibrational transition is
proportional to the square of the overlap integral between the vibrational wavefunctions
of the two electronic states involved. A qualitative description of the Franck-Condon
principle has been discussed in section 1.2 and depicted in Fig. 1.5a.
The second term states that spin-allowed transitions do not involve a change of the
spin angular momentum, that is |〈ψ′′s|ψ′s〉|2 6= 0. Relaxation of this rule occurs through
spin-orbit coupling which can be induced by the presence of heavy metals such as Pt in
porphyrins.
The third term indicates that the incident photon should induce a large transition
dipole moment for the transition to occur, even if there is a significant orbital overlap.
If the orbital symmetry of the initial and final states is similar, the transition dipole
moment will be negligible. Relaxation of this rule occurs through vibronic coupling. We
point out that the Franck-Condon principle states that an electronic transition happens
in a timescale short enough for the nuclear positions and velocities not to be changed by
the molecular vibrations. Indeed, the electronic transition dipole moment is a function of
the nuclear coordinates and it can be expanded as a Taylor series about the equilibrium
energy of a particular state (say ψ′′) for small displacements,
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~µel(Q
′′) = ~µel(Q0′′) +
N∑
k=1
(
∂ ~µel
∂Q′′k
)
0
Q′′k + higher order terms (1.9)
where Q′′0 is the equilibrium geometry of ψ′′ (the final state) and N is the number of
normal modes [53].
Truncation of the series to the zeroth order term is referred to as the Franck-Condon
approximation (FC) and the electronic transition dipole moment is considered static.
Strongly orbitally-allowed transitions have | ~µel(Q0′′)|  0 and are well-described using
this approximation. Consideration of the first order term of the series is referred to as
the Herzberg-Teller approximation (HT) that describes weakly-allowed (| ~µel(Q0′′)| ∼ 0)
and orbitally-forbidden (| ~µel(Q0′′)| = 0) electronic transitions. The transition dipole
moment varies linearly with the nuclear displacements. HT effects are relevant in many
cases, i.e. C60-fullerene [54] and cyclic porphyrins [55].
Concepts introduced in this section will be of use in chapters 5 and 6.
1.2.3 Energy and electron transfer
Photoexcitation results in an electronic excitation localized on a chromophore and can
be transferred to other chromophores via electronic energy (or electron) transfer (EET)
[49]. Important EET mechanisms are the Fo¨rster fluorescence resonance energy transfer
(FRET) and the Dexter energy transfer. In both cases, the EET occurs between a
donor in the excited state (D*) and an acceptor in its ground state (A) and the transfer
is non-radiative. The process can be expressed as,
D∗ +A→ D +A∗ (1.10)
where the * indicates the electronic excited state.
In FRET, the donor transfer energy to the acceptor through a resonant dipole-dipole
interaction between dipole transition moments µ1 and µ2 (Fig. 1.6a). When the donor
releases energy to return to its ground state it excites the acceptor via a non-radiative
resonance energy transfer. The FRET efficiency is proportional to the overlap of the
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Figure 1.6: a, Fo¨rster fluorescence resonance energy transfer. b, Dexter energy transfer. Adapted
from [56]
emission spectrum of the donor and the absorption spectrum of the acceptor and in-
versely proportional to the sixth power of the distance between donor and acceptor.
The rate of energy transfer Ket can be written as,
ket(dipole− dipole) ∝
µ
2
1
· µ2
2
R6
DA
(1.11)
where µ1 and µ2 are the electronic transition dipole moments corresponding to the
D* → D and A → A* respectively, and RDA is the distance between the donor and the
acceptor.
The Dexter energy transfer is induced by the electron exchange interaction (Fig. 1.6b).
The electron in the excited state of the donor transfers to the excited state of the acceptor
and concomitantly an electron in the ground state of the acceptor transfers to the donor
ground state. The efficiency of this process decreases exponentially with the distance
between donor and acceptor as this process needs the overlap of their wavefunctions to
occur. The Dexter energy transfer may involve either singlet or triplet states.
The rate of energy transfer Ket can be written as,
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ket(exchange) ∝ J · exp
(−2RDA
L
)
(1.12)
where J is the spectral overlap, RDA is the distance between the donor and the ac-
ceptor, and L is the sum of the Van der Waals radii of the donor and the acceptor.
An additional EET mechanism involves a radiative emission of the donor and the
subsequent absorption of the emitted photon by the acceptor. In this case, no dipole-
dipole interaction or electron exchange is needed. Such EET mechanism is favoured by
donors with high PL efficiency and a good overlap between donor emission and acceptor
absorption spectra.
1.2.4 Intra- and inter-molecular interactions
Conjugated polymers in solid-state typically show conformational disorder as schemat-
ically shown in Fig. 1.7a. Small-angle rotations around bonds break the conjugation
length forming individual chromophore subunits along the polymer chain. Neighbour-
ing subunits are strongly coupled one another and allow intrachain transfer. Interchain
interactions happen between polymer chains in close proximity or chromophore sub-
units coupled through space (e.g. not adjacent) when the polymer is in a tightly coiled
conformation [57].
The primary photoexcitation in organic semiconductor is an intrachain singlet exciton.
However, intra- and inter-molecular interactions affect greatly the optical properties
even when the photophysics of the conjugated systems is still governed by intrachain
excitons [23].
Until now we have considered absorption and emission of a single chromophore but two
or more chromophores can interact and absorb or emit light in a co-operative manner.
If the interaction between two chromophores occurs in the ground state we refer to such
molecular complex as an aggregate (or ground-state complexes) whereas if the interaction
takes place only when one of the molecule is in the excited state (i.e. the donor) we call
it an excimer, if the two chromophores are identical, or exciplex, if the two chromophores
are chemically different.
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Figure 1.7: a, Conformational disorder in a poly(p-phenylene vinylene) polymer chain. The chro-
mophore subunits are highlighted with orange boxes. Revised from [57, 58]. b, Potential
energy diagram describing the excimer (if D=A) or exciplex (if D 6=A) formation and emis-
sion with respect to a monomer (either D or A). See text for details. Revised from [49,59].
Excimers (or excited dimers) are unstable in the ground state but not in their excited
state and result from the interaction of one chromophore in the excited state, the donor
(D), with another one in the ground state, the acceptor (A). Excimers have a partial
charge transfer character. Exciplexes present similar characteristics; in fact they are
analogous to excimers in which the excited state extends over a neighbouring molecule
of a different chemical nature.
The distinctive optical feature of the excimer (or exciplex) is a structureless emis-
sion band red-shifted with respect to the exciton emission as schematically depicted in
Fig. 1.7b. The difference between the monomer emission (isolated chromophore) and the
excimer (or exciplex) emission, that is hν-hν ′, is called spectral shift. Such spectral shift
is related to the stabilization energy (or binding energy, Eb) of the excimer/exciplex and
the ground-state repulsion energy, ∆Erep (or energy of geometrical relaxation).
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Figure 1.8: a, Basic OLED device structure. b, Chemical structure of PEDOT:PSS
1.3 Organic light-emitting diodes
1.3.1 Device structure
A well-established structure for an OLED consists of a thin film of an organic semicon-
ductor, i.e. the emissive layer (∼100 nm), sandwiched between two electrodes. Typi-
cally a hole transporting layer is inserted between the anode and the emissive layer. A
schematic representation of the device is reported in Fig. 1.8a.
The anode is usually made of indium-tin-oxide (ITO), In2O3 (90 wt%) and SnO2 (10
wt%), that has a good transparency (up to 90% at 550 nm), a low sheet resistance (∼20
Ω/) and a high work function (∼4.6 eV). The latter provides a low barrier for hole
injection given that the HOMO of the emissive layer is typically 5-6 eV. Oxygen plasma
treatment has been reported to increase the work function (∼4.7-4.8 eV), lower the sheet
resistance (∼15 Ω/) and decrease surface roughness (from 2.6 nm to 1.4 nm rms) [60].
Hole transporting layers (HTL) and/or an electron transporting layers (ETL) may be
necessary to improve charge injection. In particular, poly(3,4-ethylenedioxythiophene)-
poly(styrenesulfonate) (PEDOT:PSS, see Fig. 1.8b) is commonly used as HTL because
lowers further the barrier for hole injection at the anode interface (∼5.2 eV) and acts as
a hole transport layer [61].
Low work function materials are chosen for the cathode in order to reduce electron
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injection barriers given that the LUMO of the emissive layer is typically 2-3 eV. A thin
layer of calcium (∼30 nm), capped with aluminium (∼150 nm) to prevent degradation,
is commonly used. Ca has a work function of ∼2.8 eV whereas Al of 3.7-4.2 eV [62].
1.3.2 Device operation
When a potential is applied, electrons and holes are injected in the emissive layer from
the cathode and the anode respectively. Charges are transported through the emissive
layer and when an electron and a hole capture each other via Coulomb interaction they
form a bound excited state termed exciton. The exciton can then radiatevely recombine,
this phenomenon is called electroluminescence (EL).
The energy level diagram for individual components of an ITO/emitter/metal OLED is
reported in Fig. 1.9a. As mentioned in the previous section, a careful choice of electrodes
with a proper work function, Φmetal for the cathode and ΦITO for the anode, is needed in
order to minimize energy barriers for holes (Φh) and electrons (Φe), respectively. Also,
it follows that it is unlikely for electrons to be injected from the anode and holes from
the cathode because of the high energy barriers. Φh and Φe are defined as the difference
between the electrode work function and the relevant molecular energy levels,
Φh = EHOMO − ΦITO
Φe = Φmetal − ELUMO
(1.13)
Given that ΦITO 6= Φmetal, when the materials are brought into contact there is a
charge migration from the cathode towards the anode leading to the creation of a built-
in voltage (VBI ), see Fig. 1.9b. This arises from the equilibration of the Fermi level
(Ef or µ) throughout the structure (vedi infra). The electronic structure of the OLED
can be described with the rigid band model because the depletion region in conjugated
polymers (hundreds of micrometers) is greater than the thickness of the polymer layer
(∼100 nm) [1]. Bands are therefore rigidly tilted by the built-in field with negligible
band bending. We define VBI the difference between the electrodes work function,
VBI=ΦITO-Φmetal. It is also related to the energy gap by the following equation,
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Figure 1.9: Energy level diagrams for an OLED (ITO/emitter/metal): a, before contact (isolated ma-
terials), b, after contact, c, flat band condition (Vapp=VBI ) and d, under forward bias
(Vapp¿VBI ). The cathode and anode work function, Φmetal and ΦITO respectively, the
electron affinity (EA) and ionization potential (IP) of the organic semiconductor are re-
ported with respect to the vacuum level. The built-in voltage (VBI ), the Fermi energy
(Ef ), the energy barriers for holes (Φh) and electrons (Φe). d, The fundamental processes
of LED operation: electrons/hole injection (1), charge transport (2), exciton formation (3),
radiative recombination and light emission (4). Adapted from [63].44
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Eg = eVBI + Φe + Φh (1.14)
In a band structure picture, when the applied voltage (Vapp) is zero, the Ef is constant
across the device. In a conjugated polymer, Ef does not correspond to an actual energy
level and it is across the energy gap as in Fig. 1.9b. At thermodynamic equilibrium the
Fermi-Dirac distribution f() gives the probability for an electronic level of energy  of
being occupied at a given temperature and at any given time.
f() =
1
e(−µ)/(kT ) + 1
(1.15)
with an occupancy of 50% when =µ, such level is then called the Fermi level.
When a forward bias is applied, the band slope decrease and cancels when Vapp equals
VBI . This situation is referred to as flat-band condition and the voltage applied is the
minimum bias required for charge injection (Fig. 1.9c).
The basic operation of an OLED at voltages Vapp>VBI is shown in Fig. 1.9d [64]. First,
charges are injected into the organic semiconductors. For low energy barriers between
the electrode and the polymer, the current that flows in the device is not injection limited
and the charge carrier injection can be described with the Richardson-Schottky model.
In this model, charges with enough thermal energy can overcome the potential barrier
and being injected into the polymer. In this description the effective energy barrier
is lowered due to the potential of image charge. In fact, a fraction of electrons in the
delocalized state of the metal at the metal/polymer interface can diffuse into the polymer
states leaving a positive image charge behind. Also, to have a complete description of the
phenomenon, one should consider that injected charges may flow back to the metal and
recombine with their image charges. When the energy barriers are relatively higher, the
current is injection limited and the Fowler-Nordheim model describes better the charge
injection. In this model, charge carriers are injected through a field-induced tunneling
across a triangular potential barrier.
Upon injection, charge transport occurs by hopping, a thermally assisted tunneling of
carriers between localized sites [41], see also section 1.1.2. Indeed, charges are localized in
45
1 Organic semiconductors
Figure 1.10: Electron-hole capture mechanism at the organic semiconductor heterojunction: a, elec-
trons and holes accumulate at the opposite sides of the heterojunction, b, formation of
an exciton, c, formation of an exciplex. Adapted from [4].
states that have a random spatial distribution and are energetically disordered. For low
energy barriers, hole current can be space charge limited (SCLC) and electron current
can be trap limited. SCLC originates because the hole mobility is low and charges can
accumulate close to the anode interface and generated an electric field that opposes to
the injection of other charge carriers. Electron transport, instead, is mainly affected by
traps which are consequence of defect states. Injection from the cathode is generally less
efficient leading to an imbalance in the charge carriers concentration.
Free charge carriers of opposite sign can recombine and form an exciton. Such recom-
bination in polymers, that are low mobility materials, is often described as a bimolecular
Langevin process for which the recombination rate is limited by diffusion of holes and
electrons towards each other [65].
When two or more organic semiconductor layers are inserted in a LED, we also need
to consider the electronic processes at their heterojunction [4]. We call type-II hetero-
junction a system where the HOMO and the LUMO levels of the one semiconductor are
higher in energy than those of the other semiconductor (Fig. 1.10a). Such heterojunction
is often exploited in OPV to efficiently dissociate the exciton formed upon light absorp-
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tion. In OLEDs, charges are injected from the electrodes into the organic semiconductors
so that electrons and holes accumulate at the opposite sides of the heterojunction. If a
charge overcomes the energy barrier and transfers to the other semiconductor, electrons
and holes can capture into an exciton (Fig. 1.10b). If electrons and holes capture prior
to charge injection, an exciplex is generated (Fig. 1.10c). This mechanism is referred to
as barrier-free capture. The exciplex can either decay radiatively or transfer to a bulk
exciton upon thermal activation to overcome the energy barrier between the exciplex
and exciton states.
Given a pair of spin-1/2 charges, excitons can be either a singlet (S=0) or triplet
(S=1) in a ratio of about 3:1, i.e., 75% triplets and 25% singlet assuming that the
formation probability is the same for singlets and triplets [45]. Radiative transitions are
fully spin-allowed from the singlet states only. Usually the exchange energy, i.e. the
energy between singlet and triplet states, is large and intersystem crossing from triplet
states is unlikely; in some cases triplet states may participate directly in the emission as
discussed in section 1.2.
The parameters that affect the efficiency of a LED are expressed in the external quan-
tum efficiency (EQE). The EQE is generally defined as the ratio between the photons
emitted and the charges injected and can be written as follows,
EQE = ηPL · rst · γ · ηout (1.16)
where ηPL is the photoluminescence quantum efficiency; rst is the ratio between sin-
glets and triplets, i.e. 0.25; γ is the charge balance factor, i.e. how many excitons are
generated per electrons injected in the device; and ηout is the light out-coupling effi-
ciency, i.e. the amount of internally generated light that escape from the device that is
limited by the difference in the refractive indices between layers, total internal reflection
at the glass/air interface, etc.
The experimental setup to characterize electrical and optical properties of LEDs is
described in section 2.2.
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2.1 Optical properties
2.1.1 Time-correlated single-photon counting
Time-correlated single-photon counting (TCSPC) is a technique for PL lifetime mea-
surements [66,67]. The principle of TCSPC is schematically depicted in Fig. 2.1.
The sample is repetitively excited with a short excitation light pulse (e.g. pulsed laser
or LED) with high repetition rate. The conditions of TCSPC is the detection of a single
photon per pulse and the measurement of its arrival time to the detector with respect
to a reference, i.e. the excitation pulse. This means that the photons detected are time
correlated to the excitation pulse.
TCSPC is a statistical method, the arrival times of photons are collected over multiple
cycles and a probability histogram is built representing the PL intensity versus time. If
for each pulse the probability to detect one photon is less than one, i.e. typically one
photon per 100 excitation pulses, then the histogram represent correctly the time decay
of the PL. If more than one photons arrive at the detector, the histogram is biased to
shorter times (pulse pile-up problem) since only the first photon can be detected with
this technique. To avoid the pulse pile-up, counting rates as low as 5% compared to the
rate of the excitation light pulse are recommended.
The experiment begins when a pulse of light is simultaneously sent to the sample and
the electronics. A constant fraction discriminator (CFD) measures precisely the arrival
time of the two signals. After that the signal coming from the electronics (START)
activates the time-to-amplitude converter (TAC) which generates a voltage that linearly
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Figure 2.1: Schematic electronics for a time-correlated single-photon counting spectrometer. Revised
from [66,68].
increases with time. The TAC is stopped when the first photon is emitted by the sample
(STOP). The time delay between the two signal is converted to a numerical value by the
analog-to-digital converter (ADC) and registered in a time bin of the memory histogram.
The probability histogram is built summing over a sufficient number of START-STOP
cycles and represents the time decay of the PL.
To correctly examine the lifetime data, it is important to consider the instrument
response function (IRF). The IRF is defined as the response of the instrument at zero
lifetime sample. The width of the IRF arises from the excitation pulse width and the
timing accuracy of the detector and the electronics. To measure experimentally the IRF,
a scattering medium is placed in the sample holder. The parameters of the actual decay
are extracted from the data after performing a reconvolution fit that considers the IRF.
The PL decay can be fitted using exponential functions of the form:
R(t) = A+
n∑
i=1
Bie
(− t
τi
)
(2.1)
Where n is the number of decay times, B i are the pre-exponential factors, τi the
lifetimes and A a constant that takes into account the background. In addition, the
quality of the fit is assessed with a least-squares analysis where the value χ2 gives the
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goodness-of-fit.
Time-resolved PL measurements presented in this thesis were carried out with a TC-
SPC using a pulsed diode laser (Edinburgh Instruments-EPL-375, with a pulse width
(FWHM) at 10 MHz of 55 ps and average power at 20 MHz of 0.10 mW) at 371 nm (or
405 nm) as excitation source and a cooled microchannel plate photomultiplier (Becker
and Hickl PMC-100-1, with a spectral range of 200-850 nm, and dark count rates of 50
cps at -20◦C) coupled to a monochromator and TCSPC electronics (Edinburgh Instru-
ment Lifespec-ps TCC-900 PC card). The temporal resolution of the instrument is ∼150
ps.
2.1.2 Photoluminescence quantum efficiency
A method to evaluate the PL efficiency, ηPL , in the solid state for thin films of polymeric
semiconductors has been reported by de Mello et al. [69]. The experimental set up
involves a laser as excitation source, an integrating sphere whose inner surfaces are
covered with a diffusively reflecting coating for the light to be isotropically redistributed
in the sphere, and a detector.
The three set-up configurations required for the measurement are depicted in Fig. 2.2a-
c. In experiment (a), the sample is not placed inside the chamber so that the detector
registers the spectrum of the laser light. In experiment (b), the sample is hit by the
laser beam and the detector measures both the laser light and the PL of the sample.
Compared to case (a), the laser peak will be attenuated of a certain quantity that is
equal to the amount of absorbed light by the sample. In experiment (c), the sample is
placed inside the sphere but not in the laser path to take into account the fraction of
diffuse laser light absorbed by the sample.
The area under the laser signal is denoted as L and the area under the PL emission
as P. We can therefore calculate the ηPL as:
ηPL =
Pc − (1− (1− LcLb ))Pb
La − (1− LcLb )
(2.2)
where the subscritps a, b and c refer to the experiment a, b and c, respectively, as
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Figure 2.2: Schematic representation of the PL efficiency measurement.The black circle represents the
integrating sphere. The experiment required three configuration: a, the sample is not
placed into the sphere; b, the sample is placed in the laser beam path; and c, the sample
is placed inside the sphere and hit by the laser light reflected by the sphere walls, not by
the laser light directly. Revised from [69].
described in Fig. 2.2.
2.2 Organic-light emitting diodes
2.2.1 Fabrication
OLEDs reported in this thesis were prepared as follows. The thickness of the organic
layers is measured using a Dektak profilometer.
Commercially available ITO substrates are cleaned with a sonication bath in acetone
(for 15 min, to remove the protective layer) and subsequently in isopropanol (for 15 min)
and finally blow dried. The thickness of the ITO layer is ∼100 nm. The substrates are
then placed inside an oxygen plasma cleaner (Harrick PDC-002), with oxygen pressure
of ∼1·10−1 mbar, for 10 min.
Soon after the oxygen plasma cleaning, the hole injection layer (PEDOT:PSS) is de-
posited onto the substrate. In fact, the coating of ITO with a polymeric layer preserves
the modification of the workfunction due to the oxygen plasma treatment [70]. A 2.8
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%wt PEDOT:PSS dispersion in water is filtrated through a 0.45 µm filter and spin-
coated at 4000 rounds per minute (rpm) for 60 s and 5000 rpm for 10 s to obtain a ∼80
nm thick film. A thermal treatment in nitrogen atmosphere at 180◦C for 10 min removes
residual water.
The following fabrication steps and the device characterization are performed in ni-
trogen atmosphere to prevent oxygen degradation.
Organic semiconductors are usually soluble in organic solvents. A proper choice of
solvent and concentration is necessary to obtain a smooth layer with a thickness of ∼100
nm. The emissive layer is deposited on top of the PEDOT:PSS layer via spin-coating.
The cathode is deposited via thermal evaporation. The devices are placed inside an
evaporator chamber. A piece of metal (calcium or aluminium) is placed in a crucible
and heated. The process is held in vacuum (∼ 10−6mbar). A 30 nm of Ca is evaporated
at a rate of 0.4 A˚· s−1 and 150 nm of Al at a rate of 2.0 A˚· s−1.
2.2.2 Characterization
The measured values of light emitted from OLEDs can be expressed either in radiometric
or photometric units. Radiometric units express the number of photons emitted by the
device whereas photometric units weight the light emission to the sensitivity of the
human eye giving the actual brightness perceived by the eye. Photometry is restricted
to the visible part of electromagnetic spectrum, from about 400 nm to 700 nm. Light
emission in the near-infrared (from about 700 nm to 1400 nm) is therefore expressed in
radiometric units.
In radiometric units, the emission intensity is measured as radiance (W·sr−1·m−2).
The OLED is approximated to a Lambertian light source, that is a surface that have the
same radiance in any direction. The corresponding photometric unit is the luminance
(cd·m−2). Luminance values for commercial applications range from 300 cd·m−2 for
mood lighting up to thousand cd·m−2 for illumination. The candela (cd) is the unit of
measure for the luminous intensity according to the SI. The NIST gives the following
definition:
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Figure 2.3: Example of ITO/PEDOT:PSS/F8BT/Ca/Al LED characteristics. a, Semi-log plot of the
current-voltage-luminance characteristics. The turn-on voltage (VON ) is indicated. Current
below 1.85 V is due to micro short circuits and imperfections (residual leakage curreny), b,
Normalized electroluminescence spectrum at taken 8 V.
“The candela is the luminous intensity, in a given direction, of a source that emits
monochromatic radiation of frequency 540·1012 hertz and that has a radiant intensity in
that direction of 1/683 watt per steradian”
where the frequency chosen corresponds to 555 nm, that is the wavelength at which
the human eye is most sensitive, and steradian (sr) is the SI unit for the solid angle (Ω).
For a sphere of radius r, the solid angle is given by:
Ω =
A
r2
(2.3)
where A is the surface area of the spherical cap. When A = r2, the subtended solid
angle is 1 sr.
The current density and luminance versus voltage (JLV) characteristics is measured
with a Keithley 2004 source-meter and a calibrated Si photodiode coupled to a Keith-
ley 2000 multimeter. As an example, the JLV characteristics for an OLED based
on poly[(9,9-di-n-octylfluorenyl-2,7-diyl)-alt-(benzo[2,1,3]thiadiazol-4,8-diyl)] (F8BT) as
emissive layer is reported in Fig. 2.3a.
A unified model has been recently proposed to interpret the current-voltage (I/V)
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characteristic in the SCLC regime [71]. The initial region at low voltages can be described
with the Ohm’s law. For higher voltages, the curve is fitted by a quadratic function
called Child’s law and, finally, the last region is described with a higher than quadratic
relation where mobility is dependent on temperature, electric field and/or charge carrier
concentration. The charge injection occurs at the flat band condition. Any current below
this voltage threshold is due to micro short circuits and imperfections and referred to as
residual leakeage current.
A Si photodiode, with an area of 100 mm2, detect photons emitted by the device
(the emitting device area is 3.5 mm2). The turn-on voltage (VON ) is the minimum bias
at which light is emitted from the device above the background noise. We arbitrarily
defines the VON as the value of bias at which the current density is above ∼5 times the
noise level or as the intercept of the I-V curve (in the linear range) with the noise level
in the semi-log plot (i.e ∼5·10−5 Cd·cm−2 in Fig. 2.3a). The light output intensity is
directly proportional to the current flowing through the LED.
The emission intensity versus wavelength, i.e. the EL spectrum (Fig. 2.3b), is
measured with an ANDOR-Shamrock spectrograph coupled with an ANDOR-Newton
charge-coupled device (CCD) unit.
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selena-diazole
We report the optical characterization of NIR emitters for polymer LEDs (PLEDs)
applications based on the copolymerization of a phthalimide-thiophene host polymer
with a low-gap emitter based on containing the bisthienyl(benzotriazolothiadiazole) unit.
We investigate different loadings of the low-gap emitter (in the range 1-3% by weight)
and the substitution of a sulphur atom with a selenium atom to further extend the
emission in the NIR up to 1000 nm. PLEDs based on copolymers with 1% loading give
the best efficiency (0.09%) and show an almost pure NIR EL (95% in the NIR) peaking
at 895 nm.
Materials were received from Dr. Timothy Steckler of the Prof. Mats Andersson’s
group (Chalmers University of Technology) who also determined the HOMO/LUMO
levels for the materials. The following chapter is reproduced by permission of The Royal
Society of Chemistry (see Ref. [72]).
3.1 Strategies and material design to achieve near-infrared
emission
Over the last few years NIR OLEDs have generated considerable interest for their po-
tential application in the medical, telecommunication and defence fields [73, 74]. In-
terestingly, the peculiarity of light emission in the NIR region (700-2500 nm) can be
combined with the major advantages of OLEDs such as the solution processing, the
low-cost fabrication and the possibility of using flexible, conformable or even stretchable
55
3 Thia- and selena-diazole emitters
substrates [18,75].
Given the importance of NIR optoelectronics, different organic compounds have been
explored as red and NIR emitters, such as small molecules, [76–78] metal-organic com-
plexes, [79, 80] conjugated polymers [81, 82] and recently perovskites [83]. Furthermore,
different strategies have been employed to reduce emission quenching and aggregation
effects of low-gap emitters and/or promote energy transfer to NIR moieties, e.g. by
blending the NIR emitters with wider gap polymers, [80,84], by diluting them in a ma-
trix by co-evaporation, [85, 86], by exploiting cyclic or linear molecular pi-system with
appropriate ligands to inhibit aggregation [87] or via excited charge-transfer excitons at
the organic semiconductors heterojunction with a proper gap between the energy levels
for the emission to fall in the NIR [88] (see chapter 4).
Among these strategies, inclusion of donor-acceptor-donor (DAD) low-gap units in
wider gap host polymer via copolymerization has been demonstrated as a valid ap-
proach [89,90]. In particular, benzothiadiazole and both its homo- and hetero-annulated
derivatives have been extensively investigated [91,92] in conjunction with different host
polymers for efficient NIR LEDs emission [31, 90, 93–95]. A promising route to extend
further the emission in the near-infrared region is the replacement of the sulphur atom
in the benzothiadiazole unit with selenium. In fact, benzoselenodiazole units have been
reported to reduce the polymer energy gap and lead to a red-shift of the absorption and
emission spectra compared to the sulphur-containing unit [96–100].
The efficiency of NIR emitters is generally lower than that of visible emitters, owing
to more efficient non-radiative quenching of the excited states which follows from a
generally smaller exchange energy, and the smaller number of vibrational quanta needed
to dump the energy of excited states in vibrational deactivation processes. Polymers
for LEDs with emission beyond 850 nm have been reported with EQEs of only 0.02-
0.05% [94,101], although recently we reported an EQE of 0.27% for a NIR PLED emitting
at 885 nm [93]. In this and earlier reports we found that using ambipolar host polymers
such as phthalimide-thiophene [93] and F8BT [84,87,102] can yield high EQEs for NIR
emission. Following from the success of using pthalimide-thiophene host polymers, in
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this study we look at modifications to the NIR emitting moiety to shift the emission
further into the NIR whilst maintaining high EQEs.
We present NIR emitters (see Fig. 3.1a) based on a phthalimide-thiophene
host polymer (P1) copolymerised with a low-gap DAD moieity based on the
bisthienyl(benzotriazolothiadiazole) unit at different loadings, 1% and 3% (P2 and P3,
respectively) calculated with respect to the host polymer portion for the initial ratio of
reactants. To lower the energy gap, we also exchanged a sulphur atom in the thiadiazole
for a selenium atom (P4). Note that the branched alkyl side chains of the DAD unit for
the P4 copolymer are longer than those of the P2 and P3 copolymers.
It should also be noted that the phthalimide-thiophene host polymer used in this study
has a straight alkyl chain (C16H33) as the solubilizing group whereas a phthalimide-
thiophene host with branched side-chains (CH(C8H17)2) was used by Steckler and co-
workers for NIR OLEDs in a previous study [93]. In the past study Steckler et al. showed
that a straight side-chain phthalimide thiophene copolymers showed higher and more
balanced ambipolar field-effect mobilities, increased order and higher photoluminescence
quantum efficiencies than its branched side-chain analogue, but here we report the use
of these straight-chain phthalimide thiophene copolymers as host materials for OLEDs
for the first time.
In particular, we found a relatively high EQE (0.09%) for P2 with an EL at 895
nm characterized by a high spectral purity (>95% in the NIR). We also show that the
substitution of the sulphur atom in the thiadiazole unit of the DAD with a selenium
atom (P4) red-shifts the emission to a band peaking at 990 nm, also yielding one of the
most efficient PLEDs reported to date at such a long wavelength [94].
3.2 Experimental details
All the optical measurements reported are taken in the solid state. We prepared thin
films (100 nm) of polymers by spin-coating (2 krpm) a 1.5 wt.% chloroform solution
over a Spectrosil fused silica substrate. The steady-state PL spectra were recorded after
exciting the PL with a 405 nm diode laser with an ANDOR Shamrock spectrograph
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coupled with an ANDOR Newton CCD unit. Time-resolved PL measurements were
carried out with a TCSPC spectrometer as described in section 2.1.1. The PL efficiency
was measured using an integrating sphere method (see section 2.1.2) [69].
The polymers were also tested in PLED devices as the active layer. PLEDs were
fabricated by spin-coating (4 krpm) a 2.8 wt.% dispersion in water of PDEOT:PSS [62]
(Sigma Aldrich) to a thickness of a 80 nm over an ITO-coated glass pre-treated with
oxygen plasma (10 min at 10.2 W) [60]. The substrates were then baked at 150◦C for 10
min in a nitrogen atmosphere to remove residual water. The active layer was deposited
by spin-coating (2 krpm) a 1.5 wt.% chloroform solution to obtain a thickness of 100
nm. Ca/Al electrodes (30 nm/150 nm respectively) were thermally evaporated under
vacuum, at 10−6 mbar) on top of the active layer. We fabricated eight devices per
polymer. Current-voltage-radiance characteristics were measured with a Keithley 2004
source meter and a calibrated Si photodiode (wavelength range of 200-1100 nm) coupled
with a Keithley 2000 multimeter, EL spectra were taken with the ANDOR spectrometer
described above (see section 2.2).
Square-wave voltammetry was used to determine the HOMO/LUMO levels of the
polymers (Chalmers University of Technology. We thank T. Steckler for the measure-
ment). P1 has a HOMO of -6.05 eV and a LUMO of -3.45 eV. These values are very
similar to what has been reported previously for the same polymer with either a different
end-capping unit or no end-capping [93]. Due to the small loadings of the NIR-emitting
segments, square-wave voltammetry of polymers P3-P4 showed no signal from the low
gap segments as it has been reported previously for polymers with similar loadings [93].
Likewise, based on previous studies of similarly structured compounds in the literature,
we estimated the HOMO/LUMO levels of the NIR-emitting segments to be ∼ - 5.1/-
4.0 0.1 eV for segment of P2 and P3 [92] and a slightly narrow HOMO/LUMO gap
for segment of P4. Since the HOMO/LUMO levels of these segments lie within the
HOMO/LUMO levels the host polymer P1, this ought to allow for charge and energy
transfer to the NIR-emitting segments. [103–105]
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3.3 Optical characterization
We report the absorption spectra of the polymer films in Fig. 3.1b, in which we note
that the host polymer (P1) absorption band is centred at 470 nm. As expected, all the
copolymers display the host polymer absorption peak. In addition, P3 (the copolymer
with 3% b.w. content of DAD) clearly shows a band at 790 nm that is not visible in the
host polymer, and that we thus assign to the DAD moiety. The DAD absorption is not
clearly distinguishable in the other copolymers (P2 and P4) due to the lower content
(1% b.w.) of such a moiety. However the solution spectra show the absorption feature of
the DAD unit peaking at 756 nm, 767 nm and 859 nm for P2, P3, and P4 respectively
(see Fig. 3.1c).
We report the PL spectra of the polymers in Fig. 3.1d. Emission from the host
polymer (P1) features a band at 605 nm, whereas, as intended, the copolymers also
show an emission band in the NIR region, peaking at 895 nm (P2), 927 nm (P3) and
1000 nm (P4), respectively. We attribute such bands to states delocalised over the
DAD segments. Emission from the host polymer is still visible in the PL spectra of the
copolymers, however, thereby suggesting that energy transfer from the host segment to
DAD is not complete. This is consistent with the fact that the spectral overlap between
the host polymer emission and the DAD unit absorption is not optimal as the emission
of P1 in not centred on the DAD unit absorption (this is detailed by the shaded area in
Fig. 3.2a). We also expect a red-shift of the lower energy band when increasing the DAD
loading [90] as a result of aggregation. Similarly, we expect an even more significant red-
shift when substituting S with Se, owing to a lower LUMO level as suggested from the
solution spectra in Fig. 3.1c. Whereas this is appealing for the purpose of achieving an
as pure as possible NIR emission, any red-shift should also lead to a less efficient energy
transfer from P1, which is undesired. Both expectations (red-shift and less-efficiency
energy transfer, leading to lower NIR intensity) are confirmed by the trends observed
in Fig. 3.1d. In fact, we observe that the percentage of the PL in the NIR (i.e. taken
for wavelengths > 700 nm) are 31% (P2), 24% (P3) and 21% (P4), respectively. Upon
increasing the DAD loading from 1% (P2) to 3% (P3), we notice a red-shift of the
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Figure 3.1: a, Chemical structure of the wide-gap host polymer (P1) and the copolymers (P2, P3
and P4). P2 and P3 differ in the DAD loading (1% and 3% respectively). The DAD
unit in P2 and P4 differs in the substitution of a sulphur atom for a selenium atom to
lower the energy gap. b, Absorption spectra of the polymers thin films (100 nm) over
fused silica glass. We report in the legend the percentage of DAD moieties and the type of
atom (S or Se) in the DAD segment. c, Absorption spectra for polymers P1− 4 in CHCl3
solution. We thank T. Steckler for the data. d, PL of polymers thin films, the * indicates
the monochromator 2nd-order transmission of the excitation wavelength. Adapted from
Ref. [72] with permission from The Royal Society of Chemistry.
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Figure 3.2: a, Normalized absorption spectrum of P3 superimposed on the normalized emission spec-
trum of P1. The overlap between the absorption of the DAD unit and the P1 emission is
highlighted in orange. b PL time decay for thin films (100 nm thick on fused silica glass) of
polymers P1, P2, P3 and P4 taken at 610 nm, following excitation at 371 nm. The IRF
is also reported. Ref. [72] - Reproduced by permission of The Royal Society of Chemistry.
DAD unit PL emission from 895 nm (P2) to 927 (P3). We attribute such a red-shift
to aggregation of the DAD moieties [90]. The exchange of sulphur with selenium in the
benzothiadiazole also shifts the DAD unit emission further from 895 nm (P2) to 1000
nm (P4). Indeed, the introduction of benzoselenadiazole moieties is thus confirmed as
a successful approach to lower the polymer energy gap and enable emission up to 1000
nm.
We also found the films PL efficiency (in the 500-1100 nm range) to drop from 14.8%
for the host polymer P1, to 1.4% for P2, 1.0% for P4, and below our 1% sensitivity
limit for P3. As mentioned, such a reduction is entirely expected as a result of both
the reduction of the energy gap, and because of quenching/aggregation (e.g. in the
comparison P2 vs. P3). To investigate further the energy transfer between the host
polymer and the DAD unit, we measured the PL lifetime decays of the host polymer
emission (at 610 nm) for all the samples, and we report the results in Fig. 3.2b. The
lifetimes of the host polymer P1 can be fitted with a mono-exponential that returns a
1.65 ns time constant. The copolymers show a drop in the lifetime to 0.50 ns for P2
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and to 0.32 ns for P4 whereas the lifetime of P3 is below the detection limit of the
apparatus [106]. We note that such reduction in the lifetime follows the PL quenching
of the host polymer by the presence of the DAD unit. The quenching is stronger when
using Se instead of S and when increasing the concentration of the DAD unit.
3.4 Impact on electroluminescence
We also incorporated the copolymers into PLEDs with ITO/PEDOT:PSS anodes and
Ca/Al cathodes. We report the EL spectra of the devices above in Fig. 3.3a. Whereas
the host polymer shows essentially a single band (albeit with a main peak at 560 nm
and a shoulder at 605 nm), the EL from the copolymers is predominantly in the NIR
and peaking at 895 nm for P2, 939 nm for P3 and ∼990 nm for P4. Although relatively
noisy, it is possible to note that the emission of P4 shows a shoulder at 807 nm. The
percentage of NIR (> 700 nm) EL is 95% (P2), 87% (P3) and 88% (P4), respectively.
Even though the host polymer emission is also present to some extent in the EL of the
copolymers, it is largely suppressed in EL compared to the PL (and in fact nearly com-
pletely suppressed in P2 devices). Such suppression (compared to the PL) is due to the
energy-selective injection, trapping and transport of charges via the NIR moieties, and
subsequent formation of excitons at such sites (which effectively act as traps). Residual
visible EL from P3 is thus easily reconciled by taking into account the relatively high
voltage needed for such a spectrum (60 V) that would also enable some degree of charge
injection and transport via the host. Additionally, we note that spectra in Fig. 3.3b
are normalised, thereby amplifying the visible spectral region for those devices that are
less efficient in the NIR (as suggested by the higher noise levels of P3 and P4 spectra
compared to that of P2).
Finally, we report a summary of the PLEDs characteristics in Table 3.1 and Table 3.2,
and the current-radiance-voltage characteristics in Fig. 3.3b. We find that the best re-
sults are obtained for the devices incorporating the low-content S-based DAD units (1%,
P2), for which we achieve a maximum EQE of 0.091%, an irradiance of 291 mW·m−2
(measured at 20 mA·cm−2), and most importantly, with nearly pure NIR emission peak-
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Figure 3.3: a, EL of the polymers taken at 20 V (P1), 33 V (P2), 60 V (P3) and 42 V (P4). b, PLEDs
characteristics: current density and radiance versus voltage. The active layer thickness is
∼100 nm and the device area is 3.5 mm2. Ref. [72] - Reproduced by permission of The
Royal Society of Chemistry.
Table 3.1: Summary of PLEDs performance. aIntercept of the I-V curve with the x-axis in a semi-log
plot. bMeasured at 20 mA/cm2.
Polymer Max EQE (%) Vaon (V) Radiance
b (mW/m2)
P1 0.037 ± 0.008 9.0 ± 0.8 98 ± 13
P2 0.091 ± 0.004 14.3 ± 2.9 291 ± 9
P3 0.006 ± 0.002 28.1 ± 1.1 16 ± 2
P4 0.018 ± 0.004 23.5 ± 1.5 58 ± 10
Table 3.2: Summary of PL and EL emission. aDefined as λ>700 nm.
Polymer NIR PL
peak (nm)
% PL in NIRa NIR EL
peak (nm)
% EL in NIRa
P1 - - - -
P2 890 31 895 95
P3 927 24 939 87
P4 1000 21 990 88
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ing at 895 nm (95% >700 nm). These results are among the best reported in the liter-
ature for a single active layer NIR PLED at such a long wavelength [84, 87, 90, 93, 94].
Regrettably, although perhaps not surprisingly, at 3% DAD loading the external quan-
tum efficiency decreases significantly (from 0.09 to 0.006%), whereas the turn-on voltage
(Von) increases from 14.3 V for P2 (1% DAD) to 28.1 V for P3 (3% DAD). The in-
creased driving voltage is easily attributed to an increased number of traps, related to
the higher concentration of DAD units, which have lower energy gap compared to P1.
In addition we attribute the EQE reduction to the expected aggregation of the DAD
units, which is also corroborated further by the previously-discussed PL red-shifts. A
similar trend has also been reported for other low-gap polymers copolymerized with a
wide-gap host. [90, 102] Interestingly by comparing P2 and P4, we are also able to get
an insight into the influence of the exchange of a sulphur atom for selenium as a strategy
to achieve NIR emission at longer wavelengths. We notice again that such a substitution
leads to a decreased EQE and an increased Von. However we point out that despite the
Von is disappointing, not only is Se substitution a better approach for increasing the
wavelength of the emission than increasing DAD loading, but it also gives one of the
most efficient devices at ∼1 µm reported to date for a polymer.
We can also compare P2 to a similar and previously reported polymer, where the
only difference is that in the previous study a branched alkyl chain (-CH(C8H17)2)
was used on the host polymer whereas in this thesis we used the straight alkyl chain
(C16H33) [93]. We can see that in this study, NIR PLEDs constructed from P2 suffer
from slightly higher turn-on voltages, and a factor of 3 lower EQE (0.09 % vs. 0.27 %).
Thus, in comparing these two host polymers, it is surprising that the increased order,
luminescence and higher (and more balanced) mobility provided by the straight alkyl
chain (C16H33) on the host polymer, as characterized previously [93], did not result in
the best host polymer for NIR PLEDs. Interestingly, the emission for the PLED based
on P2 is at 895 nm, which is red-shifted 10 nm compared to the previous study using the
branched alkyl chain (885 nm). This supports the idea that lower order in the previous
system likely prevented some aggregation of the NIR-emitting segments, resulting in
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higher performance. Even though the lower and unbalanced mobilities of the branched
alkyl side-chains would have suggested higher resistance in the devices, we observe no
significant differences in the operating voltages of devices when compared to the devices
using linear side-chain host polymers [93]. This suggests that charge trapping on the
low gap DAD segments is the dominant source of resistance in these devices.
3.5 Conclusions
In summary, we have characterised the NIR emission of low-gap DAD units copolymer-
ized with a wider gap phthalimide-thiophene polymer. PLEDs based on copolymers with
1% DAD loading give the best efficiency (∼0.09%) and EL peaking at 895 nm. We show
that the copolymerization is a successful strategy to obtain almost pure NIR EL (up to
95% of the overall emission) for benzothiadiazole-based polymers.
By varying the loading of the DAD moieties it is possible to shift the emission further
into the NIR however at a cost of lowered PLED efficiency because of increased aggrega-
tion. As an alternative and effective approach to shift the emission into the NIR (up to
1000 nm) we report the use of Se containing materials, that produce a lower impact on
PLEDs EQE and driving voltage when compared to S-based copolymers with a higher
DAD loading.
We have also demonstrated that in using the phthalimide-thiophene copolymer as a
host polymer for NIR PLEDs, the more disordered system using the branched alkyl
chain (C8H17 vs. C16H33) results in better performing NIR PLEDs.
In addition, we consider that there should be significant margins of improvements for
the spectral purity by further engineering the chemical design of these copolymers so
as to provide lower-energy-gap host units, and thus ensure better spectral overlap, and
more efficient energy transfer to the NIR moieties.
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4 Near-infrared electroluminescence from
exciplexes
Electronic processes at the heterojunction between chemically different organic semi-
conductors are of special significance for devices such as LEDs and OPV cells
(see section 1.3.2). Here, we report the formation of an exciplex state at
the heterojunction of an electron-transporting material, a functionalized hexaaza-
trinaphthylene, and a hole-transporting material, poly(9,9-dioctylfluorene-alt-N-(4-
butylphenyl)diphenylamine) (TFB). The energetics of the exciplex state leads to a spec-
tral shift of ∼1 eV between the exciton and the exciplex peak energies (at 2.58 eV and
1.58 eV respectively). LEDs incorporating such bulk heterojunctions display complete
quenching of the exciton luminescence, and a nearly pure near-infrared electrolumines-
cence arising from the exciplex (at ∼1.52 eV) with >98% of the emission at wavelengths
above 700 nm at any operational voltage.
Material were received from Dr. Sunil Choudhary in the group of Prof. Aurelio Mateo-
Alonso (formerly at Freiburg Institute for Advanced Studies and now at Polymat Univer-
sity of the Basque Country) who also estimate the HOMO/LUMO levels. The following
chapter is reprinted with permission from ref. [88]. Copyright 2014, AIP Publishing
LLC.
4.1 Exciplexes in organic semiconductors
The electronic processes at organic semiconductor heterojunctions exploited in LEDs
and photovoltaic cells are of crucial importance for the operation of such devices, and
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have therefore been widely discussed in the literature [25, 107, 108]. In particular, ex-
cited states with charge-transfer character localized at the heterojunction, traditionally
termed exciplexes (see section 1.1.2), have been exploited in white LEDs [109,110], and
exciplex/charge-transfer excitons energetics has been correlated specifically with the
open-circuit-voltage in bulk heterojunction photovoltaic cells [111], and more generally
with the device performance [47]. The nature of the exciplex state has also been exten-
sively investigated for type-II heterojunctions incorporating a variety of polyfluorenes,
and the tendency to form such exciplexes proposed as a general property of these sys-
tems [4,112]. Another conjugated semiconductor system that has been shown to support
exciplexes [113] is the combination of 5,6,11,12,17,18-hexaazatrinaphthylene (HATNA)
with TFB (Fig. 4.1a).
HATNA derivatives are promising electron-transport materials that have shown mo-
bilities of up to 0.9 cm2/Vs depending on substituents [114]. Recently, Choudhary et al.
have reported a successful strategy to twist the otherwise planar structure of HATNA
and to influence their properties by means of such distortions [115]. Distorted polycyclic
aromatic hydrocarbons [116–121] have emerged as promising materials for OLED appli-
cations [95,122–124] since the twisted conformation substantially reduces intermolecular
pi-pi interactions, leading to enhanced solubility and to a reduction of aggregation-induced
quenching in the solid state.
Here, we focus our attention on one of such twisted derivatives of HATNA, that carries
six (triisopropylsilyl)-acetylenyl substituents (HATNA*, Fig. 4.1b) [115]. The presence
of rigid acetylenes with such large triisopropylsilyl (TIPS) groups in confronting positions
forces the aromatic core to deviate from planarity, and to adopt a symmetrical propeller-
like structure (Fig. 4.2a).
Interestingly, we find that HATNA* forms an exciplex at the interface with TFB
(see Fig. 4.2b for the energy levels), which emits with a broad unstructured spectrum
peaking at 1.58 eV, i.e. with a spectral red-shift of about 1 eV with respect to the
exciton emission energy. In view of the growing interest in NIR materials and devices
[84,87,90,102,125–127] along with the interesting optoelectronic properties of HATNA*,
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Figure 4.1: Chemical structure of TFB a and HATNA with TIPS substituents b.
we tested the HATNA*-TFB system in LEDs and found a nearly-pure NIR EL arising
from the exciplex with >98% of the emission at wavelengths above 700 nm.
4.2 Experimental details
We looked at both blends and neat materials, starting our investigations with prepara-
tion of thin films (∼90 nm thick) of HATNA* by spin-coating (at 1.8 krpm for 120 s) a
2.5 wt.% toluene solution on a spectrosil substrate and, following the same procedure, of
a thin film of TFB (American Dye Source, Mw = 68000 g·mol−1) from a 2 wt.% p-xylene
solution. To investigate the photophysics of the HATNA*-TFB heterojunction, we also
prepared blends (1:1 weight ratio in toluene) thin films with the same solution concen-
trations and spin-speed (HATNA*:TFB). The steady-state PL spectra were recorded
after exciting at 325 nm with a continuous wave He-Cd laser by means of an ANDOR-
Shamrock spectrograph coupled with an ANDOR-Newton CCD unit. Time-resolved PL
measurements were carried out with a TCSPC spectrometer as reported in section 2.1.1.
The LEDs were fabricated by spin-coating (4 krpm for 60 s and 5 krpm for 10 s) a
2.8 wt% of PEDOT:PSS (Sigma Aldrich) [61] water dispersion to a thickness of ∼80 nm
over an ITO-coated glass pre-treated with oxygen plasma [62,128]. The substrates were
then baked at 150 ◦C for 10 min in a nitrogen atmosphere to remove residual water.
The active layer, HATNA*:TFB 1:1, was deposited by spin-coating (1.8 krpm for 120
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s) a 2.5 wt% toluene solution so as to obtain a thickness of ∼90 nm. Ca/Al electrodes
(30 nm/150 nm respectively) were thermally evaporated under vacuum (∼10−6 mbar)
on top of the active layer. The current-voltage-luminance characteristics were measured
with a Keithley 2004 source-meter and a calibrated Si photodiode coupled to a Keithley
2000 multimeter. EL spectra were taken with the same ANDOR spectrometer described
above (see section 2.2)).
4.3 HATNA/TFB exciplex characteristics
We report the absorption and emission spectra of HATNA*, TFB, and of the blend in
Fig. 4.2c. We find that the absorption of the blend can essentially be reproduced by
the superposition of the absorption spectra of the single components with little or no
evidence of additional bands due to ground-state interactions between HATNA* and
TFB.
The PL from HATNA* neat films (top panel of Fig. 4.2c) is clearly structured with
vibronic peaks at 2.58, 2.38 and 2.18 eV (∆E = 0.20 eV), and, interestingly, a 0-1
transition slightly more intense than the 0-0 one (PL0−0/PL0−1 ≈ 0.99). The latter
suggests emission from weakly-bound excimers or aggregates [129] whose presence is
also corroborated by the TCSPC data discussed below. Emission from TFB, which we
report in the middle panel of Fig. 4.2c, is consistent with previous literature, confirms
the slightly higher value of the energy gap of TFB compared to HATNA* (emission
peak at 2.82 eV), and do not show any sign of aggregation in the form of a weaker
0-1 transition compared to the 0-0 one. Finally, we report the PL spectrum of the 1:1
blend in the bottom panel of the same figure (Fig. 4.2c). Remarkably, this displays a
featureless emission band centred at 1.58 eV (λmax = 785 nm) in addition to the emission
of neat HATNA* (2.0-2.8 eV) and a residual TFB emission. We note that the HATNA*
emission in the blend is characterized by a much stronger 0-0 transition (PL0−0/PL0−1
≈ 1.06) than in the neat HATNA* thin film, consistently with the expected suppression
of aggregation as a result of embedding HATNA* in TFB [130,131]. Emission from TFB
is nearly completely suppressed, as expected, as a result of efficient energy transfer from
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Figure 4.2: a, Top and side views of the crystal structure of HATNA* (A. Mateo-Alonso). b, En-
ergy levels of the HATNA* (HOMO=6.31 ± 0.10 eV, LUMO=3.74 ± 0.10 eV) and TFB
(HOMO=5.35 ± 0.11 eV, LUMO=2.11 ± 0.20 eV) estimated by cyclic voltammetry and
optical absorption. The exciplex formation and binding energy is also schematically shown.
c, Absorption (dashed line) and emission (solid lines) spectra of thin films of TFB, HATNA*
and HATNA*:TFB 1:1 weight ratio normalized to the maximum value. The linear combi-
nation of the TFB and the HATNA* spectra (red solid line) is superimposed to the blend
absorption spectrum. The PL is excited with a 3.8 eV (325 nm) He-Cd laser. The shaded
area (blue) indicates the spectral overlap between TFB emission and HATNA* absorption.
Reprinted with permission from ref. [88]. Copyright 2014, AIP Publishing LLC.
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Figure 4.3: Photoluminescence temporal decays of thin films of HATNA* (black curve) and
HATNA*:TFB blend (red curve with empty circles) taken at 2.28 eV (545 nm) and
HATNA*:TFB blend (blue curve with empty triangles) taken at 1.77 eV (700 nm).
Reprinted with permission from ref. [88]. Copyright 2014, AIP Publishing LLC.
TFB to HATNA* (note that, although HATNA*s absorption spectrum is not very strong
at low energies, this does extend so as to provide a significant overlap with emission from
TFB).
We assign the emission at 1.58 eV to an exciplex state formed between the HATNA*
and TFB and confirm via TCSPC (Fig. 4.3) that luminescence from such a state is indeed
much longer-lived (∼15 ns) than from the individual compounds (3 ns or less though
non mono-exponential). More precisely, we report in Table 4.1 the results obtained when
fitting the characteristics of Fig. 4.3 with a bi-exponential function (for the emission in
the 2.0-2.8 eV region) and three-exponential function (for the emission at 1.58 eV). For
HATNA* neat films we find time constants of 0.9 and 3.0 ns, respectively, and we assign
them to an exciton and an excimer/aggregate state respectively. The relative weight
of the excimer/aggregate lifetime decreases in favour of the exciton when HATNA* is
blended with TFB, consistently with the observation and interpretation of the higher
PL0−0/PL0−1 ratio found in the spectra (Fig. 4.2c). The blend shows an additional
long-lived component in the fluorescence decay taken at 1.77 eV, with a lifetime of 14.7
ns that we attribute to the exciplex state at the HATNA*:TFB interface.
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Table 4.1: PL lifetimes for TFB, HATNA* and HATNA*:TFB for the emissions in the visible and
near-infrared regions. Relative weight for the lifetimes is also reported. Reprinted with
permission from ref. [88]. Copyright 2014, AIP Publishing LLC.
Compound λem τ1 (ns) τ2 (ns) τ3 (ns) Relative weight
(τ1:τ2:τ3)
TFB 2.70 eV 0.3 1.2 - 50:50:0
HATNA* 2.28 eV 0.9 3.0 - 47:53:0
HATNA*:TFB 2.28 eV 0.9 2.9 - 54:46:0
HATNA*:TFB 1.77 eV 1.6 3.7 14.7 43:45:11
4.4 Exciton-exciplex spectral shift
Remarkably, we observe a significant spectral shift between the 0-0 transition of the
exciton (E0−0) [59] and the exciplex emissions (Ex), of approximately 1 eV. Note that
this value significantly exceeds those reported previously for a slightly different variant
of HATNA-TFB (∼0.45 eV) [113] and for polyfluorenes heterojunctions (∼0.15-0.35
eV) [42].
Such a spectral shift (E0−0-Ex) may be due to a substantial difference in either: (i)
the relative positions of the frontier levels of the materials in agreement with our es-
timations (Fig. 4.2b, but note the large uncertainties on the energy levels) or, (ii) the
stabilization energy (Eb) of the exciplex arising from the Coulombic attraction energy
at the equilibrium distance and the ground-state repulsion energy [49], as well as from
structural relaxation effects (see Fig. 1.7b). In regard of (i) we note that the TFB levels
as measured in our laboratory are slightly different from those reported by Clark and
collaborators [113], possibly due to differences in suppliers, molecular weights and other
experimental details. Similarly, we expect even more significant differences between the
energy levels of HATNA* and HATNA [113], owing to functionalization with TIPS-
acetylenyl instead of dodecylthioethers. The extended conjugation with six acetylenes
and their moderate electron withdrawing nature (in comparison to the electron donat-
ing nature of thioethers) shifts downwards the HOMO/LUMO levels of HATNA* with
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respect to the vacuum level (albeit the energy gap is similar, ∼2.6 eV).
Indeed we note that control of chain microstructure is well known to influence the
optical properties of conjugated semiconductors [132]. We can tentatively estimate the
stabilization energy by subtracting the exciplex emission energy to the energy gap be-
tween the LUMO of the acceptor and the HOMO of the donor, to yield B=0.23 ± 0.16
eV. This value is comparatively high, e.g. in relation to binding energies of 0.07 eV
previously estimated for the polyfluorenes and HATNA-TFB heterojunctions mentioned
above, however we note the relatively large error bar. Indeed, given the large uncer-
tainties generally affecting electrochemical measurement of the frontier levels (typically
±0.1 eV or so), we are not able to quantify with great accuracy the relative contribution
of such effects to the shift [133], but we note that both are of the same sign. This is be-
cause a downward shift of the levels reduces E0−0, and because the twisted conformation
should increase the configurational relaxation energy. We can nevertheless speculate that
the coulombic contribution should be similar for HATNA and HATNA*, as both ma-
terials are remarkably similar in their chemical make-up (no metallic or heavy atoms),
and therefore dielectric properties and charge-screening should be similar. A strong
correlation between geometry and electronic structure of conjugated polymers is both
notorious and well-illustrated by a number of cases, such as in the case of substituted
PPV derivatives carrying substitutions in the 2-3 positions [134–136].
4.5 Exciplex-based LEDs
The EL spectrum of the LEDs incorporating the blend as emissive layer and the device
structure are reported Fig. 4.4a and the current and radiance versus voltage character-
istics of a similar device are shown in Fig. 4.4b. Interestingly, the EL spectrum displays
an emission at 1.52 eV (EL in the NIR > 98%) arising uniquely from the exciplex state
whereas the emissions from the HATNA* and TFB excitons are completely suppressed at
any operational voltages. This is in line with expectations, owing to the energy-selective
nature of the charge transport processes in organic semiconductor, and the very nature
of the exciplex/CT state that in EL has to form from combination of electrons travelling
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Figure 4.4: a, Electroluminescence spectrum of HATNA*:TFB 1:1 LED taken at 5 V (black curve) and
20 V (red curve) b, Current-voltage-luminance characteristics of HATNA*:TFB 1:1 LEDs.
The LED structure is reported in a. Reprinted with permission from ref. [88]. Copyright
2014, AIP Publishing LLC.
(preferentially) in the HATNA* phase and holes in the TFB phase. Purity of the NIR
EL emission provides good evidence of both the existence of percolating phases of either
components, and of the preferential transport of oppositely-signed charge carriers in each
of them. Importantly, it also provides excellent confirmation of the good stability of the
exciplex at the interface.
The LEDs show a relatively low turn-on voltage of 2.0 ± 0.3 V (defined as the intercept
of the I-V curve with the x-axis in the semi-log plot) and a radiance of 0.041 ± 0.003
mW·cm−2 (measured at 100 mA·cm−2). The EQE for the device is 0.035 ± 0.005%.
Although this might seem low compared to state-of-the-art visible LEDs, it is in fact
within expectations, owing to the general increase of the non-radiative rate for decreasing
energy gaps (the energy-gap law) [137]. EQEs of 0.02-0.05% have in fact been reported
for polymer-based LEDs with emission at 1.48 eV (850 nm) and lower energies [101,138].
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4.6 Conclusions
In conclusion, we have demonstrated the formation of an exciplex state at the
HATNA*/TFB heterojunction that emits at 1.58 eV with a lifetime of 14 ns. NIR
emission is achieved thanks to a large spectral shift of ∼1 eV between the exciplex and
the exciton emissions. We observed NIR-pure and voltage-independent exciplex EL with
>98% of the emission in the NIR with a EQE of 0.035% in line with best performing
polymer-based LEDs with exciton emission in a similar wavelength range.
We demonstrate that exciplexes are also a viable route to obtain NIR emission. With a
careful choice of the relative positions of the frontier levels of two materials that support
exciplex it is possible to tune to emission wavelength.
75
5 Electrophosphorescence from a
polyfluorene-Pt(II)porphyrin copolymer
A series of polyfluorene based polymers with a range of weight percentages of a plat-
inum(II) containing porphyrin, MPP(Pt), were synthesized and incorporated into
OLEDs. All polymers showed emission predominantly in the red/NIR region with only
those polymers with porphyrin of less than 2 wt% showing residual tails at wavelengths
lower than 600 nm, indicating increased emission from the porphyrin as the loading
increases. The 2 wt% loading of MPP(Pt) gave the highest efficiency LED (0.48%).
Materials were received from David Freeman from the group of Dr. Hugo Bronstein
(University College London).
5.1 Phosphorescent emitters
Phosphorescent emitters are of great interest in OLEDs due to their potential to achieve
near 100% internal quantum efficiency [56]. Upon incorporation of heavy metal atoms
with strong spin-orbit coupling such as platinum (II) or iridium (III), radiative transi-
tions from triplet states become feasible. Since the first investigation of the EL from
Pt(II)-porphyrin complexes [33] and Ir(ppy)3 [139], many groups have reported the use
of such complexes in blend with a polymer host. However, phosphorescent dopant ag-
gregation and phase separation are disadvantages of blend architecture, due to the in-
creased phosphorescent quenching rate [140,141]. While synthetically more challenging,
copolymerization overcomes these disadvantages [142, 143]. Having the dopant cova-
lently bonded to the polymer will both increase the rate of energy transfer and reduce
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loss processes by maintaining the absorbing and emitting moieties at fixed distance, thus
preventing intermolecular interaction between dopant molecules. Solubility of the whole
system is also increased facilitating low-cost solution-processed device fabrication. In
particular, the incorporation of Pt(II) complexed porphyrins, promising candidates for
deep-red phosphorescent OLEDs [144], into host polymers has been demonstrated to
be a viable route, i.e. as a side chain in 2-methoxy-5-(20-ethylhexyloxy)-1,4-phenylene
vinylene (MEH-PPV) [145–147]. Still few investigations have been reported for the incor-
poration of the Pt(II)-porphyrin directly in the polymer backbone [148–150]. Of the few
previously reported polymers, porphyrins are generally incorporated by the β-pyyrollic
position [148,150]. Meso incorporation into a polyfluorene polymer has previously been
achieved by Xiang but was studied only in the context of oxygen sensing and was syn-
thesized via a less controlled (compared to Suzuki) Yamamoto reaction [149]. Here we
investigate the electroluminescence and the steady-state and time-resolved photolumi-
nescence of a Pt(II)-porphyrin, dimesityl diphenyl porphyrin platinium (MPP(Pt)) in-
corporated in a polyfluorene host polymer, poly(9,9-di-n-octylfluorenyl-2,7-diyl), (PFO).
The phosphorescent dopant is covalently linked to the fluorescent host via phenyl groups
(PF−MPP(Pt)).
5.2 Experimental details
The synthesis of the polymer has been reported elsewhere [151]. MPP(Pt) was incor-
porated with weight percentages of 0.5%, 1.0%, 2.0% and 5.0% into PF−MPP(Pt)
and labeled P1, P2, P3 and P4 respectively), see Fig. 5.1a.
The optical properties of the copolymers have been investigated in the solid state.
We deposited a 100 nm thick film for each compolymer via spin coating (1.8 krpm) a
2 wt% toluene solution over a Spectrosil fused silica substrate. The steady-state PL
spectra were recorded after exciting the PL with a 405 nm diode laser with an ANDOR
Shamrock spectrograph coupled with an ANDOR Newton CCD unit. Time-resolved PL
measurements were carried out with a TCSPC spectrometer as described in section 2.1.1.
The PL efficiency was measured using an integrating sphere method (see section 2.1.2).
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The copolymers P1, P2, P3 and P4 were also tested in PLED devices as the active
layer (see section 2.2). OLEDs were fabricated by spin-coating (4 krpm) a 2.8 wt%
dispersion in water of PEDOT:PSS (Sigma Aldrich) to a thickness of a 80 nm over an
ITO-coated glass pre-treated with oxygen plasma (10 min at 10.2 W). The substrates
were then baked at 150◦C for 10 min in a nitrogen atmosphere to remove residual water.
The active layer was deposited by spin-coating (2 krpm) a 2 wt% toluene solution to
obtain a thickness of 100 nm. Ca/Al electrodes (30 nm/150 nm respectively) were
thermally evaporated under vacuum, at 10−6 mbar) on top of the active layer. Current-
voltage-radiance characteristics were measured with a Keithley 2004 source meter and
a calibrated Si photodiode (wavelength range of 200-1100 nm) coupled with a Keithley
2000 multimeter, EL spectra were taken with the ANDOR spectrometer described above.
5.3 Deep-red phosphorescence
We report the absorption and emission spectra for the copolymers thin films P1-P4 in
Fig. 5.1b and Fig. 5.1c respectively. The copolymers show an intense featureless band
at 380 nm due to the absorption of the PFO host polymer. In addition, the samples
show two features at about 512 nm and 540 nm that we attribute to the Q-bands of
the metalloporphyrin [152]. These bands increase in intensity as the concentration of
MPP(Pt) increase and are clearly distinguishable for loadings as low as 1%.
Interestingly, given the small dopant loading, the PL spectra show a dominant emission
in the red and NIR region with three components at about 665 nm, 735 nm, 805 nm
and an emission shoulder at 645 nm that we assign to the MPP(Pt) segment. The
copolymers also present a lower intensity emission at lower wavelength at about 442 nm,
467 nm and 497 nm that is attributable to the PFO. Interestingly, when increasing the
porphyrin content, the intensity of these peaks reduces relative to the porphyrin emission,
therefore suggesting an efficient energy transfer from PFO to the porphyrin. Indeed,
the good spectral overlap between the MPP(Pt) absorption and the PFO emission
(Fig. 5.2a) corroborates this hypothesis: both the Soret band (peaking at 402 nm) and
the Q-band of the Pt(II)-porphyrin significantly overlap with the PFO emission. We
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Figure 5.1: a, Chemical structure of the PFO−MPP(Pt) copolymers with different MPP-Pt loading:
0.5% for P1, 1% for P2, 2% for P3 and 5% for P4. b, Normalized absorption spectra of
the copolymers film on fused silica glass. The inset shows MPP(Pt) absorption features.
c, Normalized PL spectra of the copolymers films. The * indicates the monochromator
2nd-order transmission of the excitation wavelength. d, PL time decay taken at the most
intense peak emission wavelength of the MPP(Pt) (665 nm) following excitation at 371
nm.
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Figure 5.2: a, Spectral overlap between PFO fluorescence emission (in CHCl3, black curve) and
MPP(Pt) absorption (in toluene, red curve). b, PL time decay for the PFO host polymer
taken at 440 nm (black curve) and 550 nm (red curve).
also note in Fig. 5.1c a weak fluorescence emission band between 500 and 600 nm that
can be related to the presence of fluorenone defects or aggregates/excimers [153], whose
presence is further validated by the TCSPC data.
In fact, the radiative lifetime of PFO taken at 550 nm (Fig. 5.2b) can be fit with a
bi-exponential function yielding time constants of ∼400 ps and 6.6 ns that are consistent
with PFO exciton and fluorenone excimer respectively [154]. The radiative lifetime taken
near the peak emission wavelength of the PFO (440 nm) also confirms the presence of
efficient energy transfer from the PFO to the porphyrins. In fact, the lifetime of the neat
PFO of about ∼400 ps is reduced upon loading with the MPP(Pt) and drops below the
instrument detection limit (∼150 ps). The PL lifetime taken at the emission wavelength
of the MPP(Pt) emission (665 nm) are reported in Fig. 5.1d. The copolymers show
lifetime decays in the microsecond scale indicating the triplet nature of the emissive
state. Specifically, we found time constants of 9.3 µs (P1), 9.2 µs (P2), 9.2 µs (P3) and
8.6 µs (P4).
The PL efficiency is around 4.9% for the MPP(Pt) loading of 0.5% (P1) and slightly
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Figure 5.3: a, Normalized EL spectra for the copolymers. The LED structure is reported. b, LEDs
characteristics: current density and radiance versus voltage. The active layer thickness is
∼100 nm and the device area is 3.5 mm2.
decreases (to 4.5%) upon increasing the amount of porphyrin up to 2% (P2− 3). A drop
to a PL efficiency of 2.5% is seen for higher porphryin content. The trend is consistent
with the lifetime values suggesting an increase of the non-radiative deactivation of the
exciton for porphyrin concentrations higher than 2%. Note that although these values
may appear relatively low in absolute terms, they are comparable to values reported in
the literature for similar polymers [150].
5.4 Electrophosphorescence
We also incorporated the copolymers in LEDs with ITO/PEDOT:PSS as anode and
Ca/Al as cathode. We report the EL spectra in Fig. 5.3a in which we note that the
copolymers display an emission predominantly in the red and NIR region.
In particular, the EL of P1 peaks at 665, 736 and 818 nm with a shoulder at 642 nm.
We do not observe any shifts of the EL for higher MPP(Pt) loadings nor compared to
the PL spectra. For copolymer P1 and P2, however, we note a weak EL emission at
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Table 5.1: Summary of PLEDs performance. aIntercept of the I-V curve with the x-axis in a semi-log
plot. bMeasured at 30 mA/cm2.
Polymer EQEa (%) Vaon (V) Radiance
b (mW/m2)
P1 0.17 ± 0.01 10.7 ± 0.2 986 ± 61
P2 0.28 ± 0.04 7.6 ± 0.2 1486 ± 221
P3 0.48 ± 0.01 8.3 ± 0.3 2630 ± 38
P4 0.28 ± 0.04 9.3 ± 0.4 1390 ± 56
wavelength below 600 nm. When increasing the content of porphyrin the intensity of the
emission tail decreases with little or no intensity left for loading above 1%. Such emission
may be related to oxidative defects on the PFO [153] and to the emission from MPP(Pt)
singlet state, as reported for similar Pt(II)-porphyrin complexes at 580 nm [155]. For
MPP(Pt) loadings above 1%, copolymers show a pure electrophosphorescence (P3 and
P4).
The current-voltage and radiance-voltage characteristics are shown in Fig. 5.3b, and
a summary of the LEDs performance is reported in Table 5.1. The 2% loading
of MPP(Pt) (P3) gives the highest efficiency LED (0.48%) and light output (2630
mW·m−2). The result is particularly promising compared to what has been reported
in literature up to now, especially when taking into account that the LEDs are not
optimized for charge collection and extraction [148, 150]. We note an overall increase
of the performance (i.e. lower turn-on voltage, higher efficiency and light output) in-
creasing the porphyrin loading up to 2%. However, the LEDs performance lowers when
the loading exceed 5%. Given the partial overlap of the MPP(Pt) absorption with
the PFO emission we speculate that the EL emission at low voltages is mainly due to
charge trapping in the MPP(Pt) segment rather than energy transfer. However, upon
a further increase of the applied voltage, charges can be injected directly into the PFO
levels and can subsequently migrate to the MPP(Pt) moiety and contribute to the
phosphorescence emission.
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5.5 Conclusions
We have studied a series of conjugated copolymers containing MPP(Pt), a platinum(II)
complexed porphyrin, directly into the PFO backbone. Emission of the polymers at 665
nm was shown to have a lifetime decay on the microsecond scale, indicating phosphores-
cence for all porphyrin containing polymers, with decreased fluorescence from the PFO
backbone as the loading of MPP(Pt) was increased. The polymers were incorporated
into OLEDs, and 2 wt% of MPP(Pt) was shown to have an efficiency of 0.48% and a
light output of 2630 mW·m−2. Pure MPP(Pt) electrophosphorescence is achieved for
loading as low as 2%.
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PCBM ([6,6]-Phenyl C61 butyric acid methyl ester) is a highly soluble C60 fullerene
derivative that is extensively used as electron acceptor in highly efficient bulk hetero-
junction solar cells. Here we report the PL of high-quality solvent-free PCBM crys-
tals between room temperature and 4 K. Contrary to the PL spectra of amorphous of
polycrystalline PCBMs, that of the single-crystals becomes very structured as the tem-
perature is lowered disclosing several emission lines extremely well-resolved (minimum
linewidth of ∼1.3 meV).
Crystals were grown in our group by Giuseppe Paterno`. Quantum-chemical calcula-
tions supporting our experimental data were provided by Dr. Micheal Wykes (IMDEA,
Spain) and Prof. David Beljonne (University of Mons). The fluorescence lifetime images
of the single-crystals were taken in the frame of a collaboration with Dr. Liisa Hirvonen
and Prof. Klaus Suhling (King’s College London). Part of this chapter is reprinted with
permission from [185]. Copyright 2015 American Chemical Society.
6.1 Crystalline PCBM
PCBM is currently the most important C60 derivative [156,157], owing to the efficiency
of charge transfer from nearby photoexcited molecular states, and therefore as the elec-
tive electron acceptor in highly efficient bulk heterojunction (BHJ) solar cells [158]. In
spite of its relevance to organic optoelectronics, little attention has been dedicated up to
now to PCBM’s luminescent properties [159,160] although they can provide a crucial in-
sight into the fundamental energetics of this material, especially in its crystalline phase.
Both the molecular packing and the details of the nanostructure of fullerene-based BHJs
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have been shown recently to have a crucial impact on the device efficiency [161, 162].
OPV devices based on poly(3-hexylthiophene-2,5-diyl) (P3HT) and PCBM blends show
better performance upon formation of aggregated phases in either components following
thermal annealing [163]. In particular, PCBM aggregates have been recently proven to
assist ultrafast long-range charge separation [164, 165]. However, the crystal structure
of PCBM turns out to be strongly dependent on the solvent from which the crystals are
grown and that is present in the latter as an inclusion [166–168]. Only recently, solvent-
free PCBM single-crystals were reported with a monoclinic structure following solvent
extraction in vacuum [169] or via a thermal treatment, [170] thereby allowing fundamen-
tal structure-property investigations without the solvent dependence [171]. In particular,
crystallite geometries are fundamental to investigate the electronic states involved with
charge separation [172]. Also, an accurate investigation of PCBM’s luminescent prop-
erties, may lead to an unprecedented insight into the ordering and relative importance
of the relevant excited states, and eventually of the overall electronic structure of this
material, also a prerequisite for establishing accurate computational models.
Here we report the PL of PCBM both in the amorphous and crystalline phase. In
particular, we investigate the solvent-free PCBM single-crystals as reported in [169] (see
Fig. 6.1). The evolution of the emission for the single-crystal discloses a progressively
detailed and better-resolved structure as the temperature is lowered down to 4 K.
6.2 Experimental details
PCBM (Sigma Aldrich purity >99%) was dissolved into chlorobenzene at a concentration
of 20 mg·mL−1. The solution was kept under stirring overnight at room temperature.
Solvent-free PCBM single-crystals (see Fig. 6.1a) were prepared as previously reported
[169]: a droplet of PCBM solution was deposited over a fused silica substrate and the
solvent evaporated in air at room temperature. To remove any residual solvent molecules,
the sample was dried under vacuum (∼10−2 mbar) overnight.
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Figure 6.1: a, Optical micrograph of PCBM single-crystals. b, Chemical structure of the PCBM
showing the orientation of side chain in the crystal structure. Carbon atoms are reported
in grey, oxygen atoms in red and hydrogen atoms in blue. c, Schematic representation of
the monoclinic lattice reported for solvent-free PCBM single-crystals.
Figure 6.2: X-ray diffraction patterns for the
polycrystalline (black) and amorphous
(red) films. We thank G. Pa-
terno` (UCL) for the measurements.
Reprinted with permission from [185].
Copyright 2015 American Chemical
Society.
We also prepared an amorphous film
(∼100 nm) spin-coating the PCBM so-
lution in chlorobenzene onto a fused sil-
ica substrate at 800 rpm. Furthermore
we prepared a polycrystalline film (∼800
nm) drop-casting a droplet (100 µL) of
PCBM solution over a fused silica sub-
strate and let the solvent to evaporate in
air at a constant temperature of 303 K.
The powder XRD data are reported in
the SI (Fig. 6.2). X-ray diffraction mea-
surements were performed with a Rigaku
SmartLab diffractometer (Rigaku, Tokyo,
Japan), by using a Kα wavelength emitted
by a Cu anode (0.154 nm). The measure-
ments were carried out using a grazing in-
cidence configuration (incidence angle = 0.5◦) to reduce the background scattering from
the substrate. We thank G. Paterno` (UCL) for helping us with these measurements.
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Variable temperature fluorescence was recorded using a Renishaw Raman System 1000
equipped with a He-Ne laser light source (λex = 632.8 nm) and a CCD detector. To
prevent the sample degradation we used low laser power at the crystal surface (∼0.1
mW). The Raman spectrometer was configured with a Leica optical microscope equipped
with a Nikon SLWD M Plan 40x/0.40 objective. The spot size at the sample surface
was ∼1-2 µm. Fluorescence spectra in the 4-300 K range were taken placing the sample
in a Helium-cooled cryostat (MicrostatHe2, Oxford Instrument. Kindly borrowed from
Dr. Guy Matmon).
Raman spectra were collected with a Renishaw InVia Raman microscope illuminating
the samples with an argon ion laser (488 nm and 514 nm) and a 785 nm laser through a
Leica N Plan 50x/0.75 objective. The laser power at the sample surface is 0.1 mW. The
instrument was kindly offered on loan by the EPSRC Engineering Instrument Pool.
Fluorescence lifetime imaging microscope (FLIM) images of 256x256 pixels were ob-
tained using a Leica TCS SP2 inverted scanning confocal microscope coupled with a
Becker and Hickl TCSPC card SPC830. A pulsed diode laser at 467 nm (PLP-10 470,
Hamamatsu) with a pulse duration of 90 ps and a repetition rate of 20 MHz was used
as the excitation source. The emission was collected through a 680-720 nm filter onto
a cooled PMC 100-01 detector (Becker and Hickl, based on a Hamamatsu H5772P-01
photomultiplier). We thank L. Hirvonen and K. Suhling (King’s College London) for
helping us with these measurements.
6.3 Steady-state and time-resolved PL
We compare the PL spectra at room temperature of PCBM amorphous films and the
single-crystals in Fig. 6.3a. The single-crystal shows an emission band with two main
components at 1.70 eV and 1.57 eV with a shoulder at 1.75 eV. The PL of the amorphous
film is broader and slightly red-shifted with emission peaks at 1.67 eV and 1.55 eV with
a shoulder at 1.72 eV. The apparent red-shift of the amorphous phase is somewhat
unexpected compared to other systems [173] and may be due to scattering effects due
to the presence of small crystallites in a relative low concentration (e.g. not detected by
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Figure 6.3: a, Steady-state photoluminescence spectra of amorphous film (black line) and single-
crystals (red line). b, PL time decay for amorphous film (black line) and single-crystal
(red line, averaged value over 19x19 pixels) taken at 1.75 eV (710 nm), following excita-
tion at 2.64 eV (470 nm). c, Fluorescence lifetime image of single-crystals showing minor
heterogeneities in lifetime values over the crystal surface (440x256 pixels). The colour bar
indicates the distribution of the lifetime between 1.23 ns (blue) and 1.36 ns (red). We
thank L. Hirvonen for the FLIM measurements.
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the XRD).
In addition, we observe a pronounced difference between the two samples in PL time
decay (Fig. 6.3b). The single-crystal is characterized by a mono-exponential decay with
a time constant of 1.3 ns. Instead, the amorphous film shows a bi-exponential decay with
time constants of 0.4 ns and 1.0 ns, with relative weights of 25% and 75% respectively,
that is consistent with previously reported values [159]. The mono-exponential lifetime
for the single-crystal suggests a high-quality crystal structure whereas the bi-exponential
decay for the amorphous film corroborates further the hypothesis of a more disordered
system (i.e. presence of crystallites).
We also analyse the spatial distribution of the PL decay rate for the single-crystals
with a fluorescence lifetime imaging microscope (FLIM) and reported the data in Fig.
6.3c. The FLIM image shows minor (less than 0.05 ns) and random heterogeneities in
lifetime values over the crystal surface.
6.4 Low-temperature photoluminescence
In Fig. 6.4a we report the fluorescence spectra of PCBM single-crystals as a function of
temperature in the 4-300 K range. As the temperature is decreased, the PL emission
undergoes an evolution with many more well-resolved transition lines than expected from
the room temperature spectra. We only observe a minor temperature dependence of the
relative intensities of such peaks. The only exceptions are observed for the peaks at 1.76
and 1.79 eV, whose intensity visibly decreases as the temperature is lowered (e.g. with
respect to the peak at 1.73 eV). The peak at 1.79 eV completely vanishes for T < 100
K.
While most PCBM crystals emit as in Fig. 6.4a, in some cases we observed spectrally-
shifted, and less well-resolved emission, although still highly-structured and with a sim-
ilar temperature dependence. We report an example in Fig. 6.4b, and compare the 4 K
spectra of the crystals of Fig. 6.4a-b in Fig. 6.5a. Here we note that a rigid shift in en-
ergy of about ∼35 meV of one of the spectra with respect to the another. Nevertheless,
the distribution of the vibrational peaks is similar, suggesting that emission occurs from
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Figure 6.4: Normalized PL of the single-crystal as a function of the temperature (T=4-300 K) collecting
emission from different single-crystals, a and b respectively. A highly-structured emission
is noted at low temperature for both samples. Reprinted with permission from [185].
Copyright 2015 American Chemical Society.
similar types of excited states with different origins. We also observe small differences
in relative peak intensities between the two spectra.
There are many potential explanations both for the red-shift and for the other subtle
changes in the spectra. For example, these could be due to a morphological crystal
defect which affects the state-mixing and hence spectral shape. Alternatively, it could
be a chemically degraded PCBM – for example, it is well known that fullerenes can
dimerize in the solid state upon exposition to UV and visible light [174] however we can
rule out this possibility by means of the Raman spectra reported in Fig. 6.5b. Here, we
see that the “pentagonal pinch” mode (Ag(2)) for the C60 cage peaks at 1464 cm
−1 as
reported for pristine (not dimerized) PCBM [175]. Therefore, we assign the red-shifted
spectrum to an emission from a deep trap. Indeed, similar behaviour has been reported
in C60 single crystals [176,177] with traps that were found to be red-shifted by 100 meV
relative to bulk C60.
The PL spectrum at 4 K shows very well-resolved emission lines with a minimum
FWHM of 1.3 meV (i.e. 1.73 eV transition for crystal reported in Fig. 6.4a). Such a
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Figure 6.5: a, Normalized low-temperature fluorescence of two different single crystals: the rigid shift
of about 35 meV of spectrum 2 with the respect to spectrum 1 is related to the presence
of a trap. b, Normalized Raman spectra of PCBM single-crystals at different wavelengths
(laser power at the sample surface of ∼0.1 mW). The strongest peak (pentagonal-pinch
mode Ag(2) of C60) is at 1464 cm
−1 for the 488 nm curve (black) and 1465 cm−1 for the
514 nm and 785 nm curves (red and blue respectively). c, Energy of the second well-resolved
transition (at about 1.73 eV) for spectrum 1 and its linewidth FWHM dependence on the
temperature. Above 100 K the broadening of the peaks prevents an accurate quantification
of the linewidth. d, Low-temperature fluorescence of PCBM as amorphous film, polycrys-
talline film and single-crystal. A progressively better resolved PL structure is seen when
increasing the crystallinity of the sample.Reprinted with permission from [185]. Copyright
2015 American Chemical Society.
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Figure 6.6: Fluorescence spectra as a function of temperature for the amorphous (a) and polycrystalline
(b) films. Reprinted with permission from [185]. Copyright 2015 American Chemical
Society.
narrow linewidth suggests a high-quality of the single-crystals. We report the temper-
ature evolution (in the range 5 to 100 K) of both linewidth and spectral position of
the peak at 1.73 eV. Interestingly, while there is only a marginal spectral shift of this
peak (< 0.5 meV), the linewidth shows different behavior depending on temperature.
Namely, the linewidth is nearly constant for T < 40 K, but increases more prominently
and with a nearly linear dependence on temperature, for T > 40 K. We assign such a
strong temperature dependence to a mostly homogeneous mechanism.
To obtain further insights into the effect of structural disorder on the PL spectra,
we also consider the low-temperature PL spectra of the crystals and of amorphous and
polycrystalline films (Fig. 6.5d) and compare them with those at room temperature
(Fig. 6.6).
As expected, we observe only minor differences between the low-temperature (4 K)
and room temperature PL spectra of the amorphous film. In particular only a minor
sharpening of the emission peaks is noted when lowering the temperature. The poly-
crystalline film shows an increased number of better-resolved peaks at 4 K, compared to
the room temperature spectrum, and with respect to the amorphous film, even though
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a relatively broad band is still visible. We also note that the peak structure only starts
to appear below 50 K.
We emphasize that, even if less structured than the single-crystal spectrum, the 4
K spectra of amorphous and polycrystalline samples also feature a progressive, albeit
moderate, sharpening of the linewidths, highlighting the fact that the structural in-
homogeneity does not translate into a preponderant energetic disorder in PCBM (i.e.
preventing the observation of any linewidth reduction).
6.5 The case of C60 and the analogies with PCBM
A similar trend in the PL spectrum as a function of the temperature for amorphous,
polycrystalline and single-crystal structures has been reported for the C60 fullerene [176].
In particular, the many transitions seen for the C60 single-crystal has been interpreted
as Herzberg-Teller (HT) induced emission [178, 179]. Indeed, transitions for C60 from
the three lowest quasi-degenerate excited states (of T1g, T2g and Gg symmetry) to
the ground state (Ag) are symmetry forbidden. Thus, emission from such states hap-
pens through vibronic coupling with a higher electronic state of u-symmetry that has
symmetry-allowed transitions to the ground state. This process is often referred to as
intensity borrowing HT mechanism. Basically, two electronic excited states are coupled
via a (totally symmetric) vibration which induces a borrowing of the oscillator strength
from the higher electronic state (with ungerade symmetry) to the vibronic level of the
lower excited state (with gerade symmetry) [180]. Radiative transitions to the ground
state arise from the vibronically induced HT false origins of each HT-coupled vibra-
tion, each convoluted with its own Franck-Condon (FC) progression. Furthermore, the
T1g, T2g and Gg excited states have degenerate components that undergo a geometrical
distortion that removes the degeneracy and thus lowers the symmetry. This effect is
known as the Jahn-Teller (JT) effect and transitions arising from vibronic coupling to
non-totally symmetric JT modes are seen in the low temperature spectra of C60 [178].
The selection rules for the transitions are related to the truncated icosahedron shape of
the C60 molecule that belongs to the Ih point group [181].
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Sassara et al. reported a thorough study of the electronic states and transitions for
C60 including assignments of vibronic transitions based on a comparison of simulated
and experimental spectra measured in inert Ar and Ne matrices at 4K [178]. The simu-
lated vibronic envelopes of each state were constructed from HT, FC and JT couplings
obtained from quantum chemical calculations. This showed that emission occurred from
a state of mixed T1g, T2g and Gg character. The fractional character (weight of each
states vibronic envelope in the spectrum) was found to vary with the environment; the
(T1g, T2g and Gg) weights in the emissive state were found to be 36%, 56% and 7% in
Ne and 50%, 25% and 25% in Ar.
Upon derivatization of C60 to form PCBM the Ih symmetry is lost due to the side
chains. The side chain also affects the crystal packing. In fact, solvent-free PCBM
single-crystals belong to the monoclinic crystal system [169, 170] whereas C60 single
crystal has a cubic lattice [182]. The functionalization of the C60 core and the associated
loss of symmetry results in a perturbation of the pi-system and removes the degeneracy
of the low-lying excited states present in C60. However, despite the lower molecular
symmetry and differencing crystal symmetry, we note many similarities between the
low-temperature PL spectra of PCBM and C60 single crystals. Given these similarities
we tried to apply the Sassara’s model to PCBM.
6.6 Simulated photoluminescence spectrum
Quantum-chemical simulations based on Sassara’a model were performed by M. Wykes
(IMDEA, Spain) and D. Beljonne (University of Mons) and reported in Fig. 6.7. We
are able to describe such an evolution quantitatively by using a combined approach in
which Herzberg-Teller-induced fluorescence is modified by the concomitant presence of
Jahn-Teller and Franck-Condon effects.
Unfortunately, the modeling approach applied to C60, namely calculating the vibronic
envelopes of each pure diabatic excited state (T1g, T2g and Gg) cannot be readily applied
to PCBM. In PCBM, the lower symmetry imposes a mixing of states, preventing study
of the underlying higher-symmetry diabatic states. The (multiply degenerate) T1g, T2g
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and Gg states of C60 are replaced with 10 quasi-degenerate states of mixed character in
PCBM, too close in energy to allow for reliable prediction of state ordering and mixing by
quantum chemical methods that can be applied to systems of such size. However, given
the remarkable similarity of PCBM spectra with those of C60 we wonder whether the
Sassara’s model of C60 PL might, with some slight empirical adjustments, also allow for
interpretation of the PCBM single-crystal PL spectra. This makes sense if one considers
the pendant group in PCBM as a perturbation to the C60 electronic structure. Quantum
chemical calculations support this hypothesis, showing that the electron density for the
HOMO and LUMO of the PCBM is mostly located on the C60 core with only little
density residing on the side chain [183,184].
Sassara’s model is thus hand-tuned in several incremental steps. The detailed pro-
cedure is reported in reference [185], here we provide a general outline. Firstly, the
electronic origin is set to 14200 cm−1 to coincide with the first peak in PCBM PL spec-
trum (we refer to the 4 K spectrum in Fig. 6.4a). This is close to the value of 14629 cm−1
observed in C60 single-crystals [186] yet significantly red shifted relative to the electronic
origins of C60 in Ar and Ne matrices at 15487 and 15627 cm
−1, respectively [178]. Also,
the model of Sassara et al. does not include the 0-0 transition for C60 (nor FC progres-
sions built upon it). However, the lower molecular symmetry in PCBM means that the
0-0 is not strictly symmetry-forbidden in PCBM. An electronic origin approximately 2.5
times more intense than the most intense HT false origin is thus added to the vibronic
envelope of each state with FC and JT progressions built on top. Following this, the
impact of variation in the weights of the T1g, T2g and Gg states is explored. It is then
noted that none of the peaks of the T1g, T2g and Gg vibronic envelopes (placed on an
origin of 14200 cm−1) have a peak at 13770 cm−1. However, the vibronic envelope of the
Hg state, for which the vibronic coupling parameters are also listed in reference [178], do
feature a transition with non-negligible intensity at that energy once placed at an origin
of 14200 cm−1. Furthermore, it is noted that the vibronic envelope of the Hg state is
quite similar to that of the Gg state and could also account for the band in the PCBM
spectrum at 13500 cm−1 not present in either the T1g or T2g vibronic envelopes. This
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Figure 6.7: Herzberg-Teller, Franck-Condon and Jahn-Teller computed transition lines for the Hg (blue)
and T1g (yellow) states. The summed spectrum (red) results from a linear combination
of 0.5 Hg and 0.5 T1g and is compared with the experimental data (black). We thank
M. Wykes for providing the simulated spectra. Reprinted with permission from [185].
Copyright 2015 American Chemical Society.
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difference in the mixing of states compared to C60 is not surprisingly, as discussed above,
and it has been shown to be highly dependent on the environment.
Finally, the simulated spectrum is computed invoking the mixing of the T1g and Hg
states, with a relative weight of 1:1 respectively, disregarding any contributions from the
T2g state. The resulting spectrum is shown in Fig. 6.7 and reproduces quite well the
experimental PCBM single crystal spectrum also plotted in Fig. 6.7.
6.7 Conclusions
We report the PL spectrum of PCBM single-crystals at 4 K that shows several and
well-resolved transition lines. Thanks to the fact that solvent-free crystals became re-
cently available, we were able to investigate the PL emission in greater detail than
what have been reported so far. Indeed, as we have discussed, with the amorphous and
polycrystalline PCBM we would not have been allowed to get such an insight into its
photophysical properties.
Upon functionalization of the C60 cage, PCBM lost the overall molecular symmetry
however the electronic density is still mostly located on the C60 moiety. Therefore,
interestingly but perhaps not surprisingly, we found that the PL spectrum of PCBM
is similar to that of C60 for which optical transitions are affected by selection rules
dictated by symmetry. This parallelism has also been strengthened by quantum-chemical
calculations that have successfully adapted the model used for the simulation of the C60
emission spectrum to PCBM including HT and JT effects.
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This thesis has provided an outlook on aspects of general interest in the organic optoelec-
tronic field. By means of photophysical investigations, we described and characterized
various organic semiconductors addressing some of the challenges currently open in this
field.
In light of the interest in NIR emission, we proposed two ways for obtaining emission
at long wavelength. Firstly, a new design of promising materials for optoelectronics
involving the substitution of sulphur with selenium. Secondly, the engineering of low
band gaps through a methodical choice of the relative positions of the frontier levels
of two organic semiconductors. We also considered the use of phosphorescent emitters
owing to their potential for high efficiency OLEDs.
Finally, we dedicated our attention to a detailed investigation of the photoluminescence
emission of PCBM, owing to the recently reported growth of single-crystals without
solvent inclusions, in the attempt to provide precious information on the ordering and
relative importance of the relevant excited states.
7.1 Achieving near-infrared emission
In chapter 3 we have presented the first example of incorporation of a class of
benzotriazoloselenadiazole-based NIR emitting chromophores. One important issue aris-
ing from the comparison between thiadiazole and selenadiazole was whether the substi-
tution of sulphur with selenium can be considered a competing strategy to push emission
further in the NIR. Indeed we showed that selenium substitution is more effective, as it
preserves both PL and EL efficiencies to a higher value than by exploiting higher sulphur
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chromophore loadings, while achieving a more important red-shift. In addition, com-
parison with previously published branched-side-chain copolymers suggested materials
design criteria by showing that charge trapping on the low gap DAD segments is the
dominant source of resistance in these devices.
In chapter 4, we suggested that HATNA/polyfluorene heterojunctions have a strong
tendency to form exciplex as reported for polyfluorene-based heterojunctions. Also,
exciplexes can be regarded as an alternative route to systematically and finely tune
the emission wavelength. This strategy can be readily implemented in LEDs and, in
particular, we demonstrated that pure NIR EL can be easily obtained with no emission
from the single components at any operational voltage.
We are conscious that power efficiencies for OLEDs are currently low for emitters in
the NIR and seem to decrease when increasing the emission wavelength. This issues
the challenge whether such efficiency drop-off is an intrinsic phenomenon or could be
overcome with a better material and device design.
7.2 Phosphorescent co-polymers
The incorporation of a phosphorescent emitter, a platinum(II) complexed porphyrin, di-
rectly into the backbone of a polyfluorene polymer overcomes the porphyrin aggregation
and phase separation as presented in chapter 5. The polyfluorene moiety also actively
concurs to the emission through energy transfer to the porphyrin which we suggested
it is enhanced compared to the analogous blend of porphyrin and polyfluorene. Indeed,
we showed that the co-polymers emit predominantly in the red/NIR region arising from
the porphyrin moiety for porphyrin loading as low as 2%.
In contrast with previous studies where the Pt(II)-porphyrin was incorporated into
the polyfluorene in the β-pyrrolic position, we explored the impact of a meso incorpo-
ration. Even though a direct comparison with previously reported copolymers is not
straightforward (because of a more complex LED architecture), we observed that the
incorporation in the meso position does not lead to major improvements both on the
optical properties and the device side.
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7.3 Fluorescence of PCBM single-crystals
We ended by reporting the photoluminescence emission of PCBM in chapter 6. Despite
the overall symmetry of PCBM is low, the optical transitions are strongly affected by the
highly symmetric C60 core. Therefore, selection rules apply to PCBM transitions leading
to symmetry-forbidden S1-S0 transitions. We were able to account for such a structured
emission by means of quantum-chemical calculations and a model incorporating both
Herzberg-Teller induced emission and Frank-Condon and Jahn-Teller effects.
The PL spectra of PCBM single-crystals become very structured as the temperature is
lowered, with extremely well-resolved emission lines (minimum linewidth ∼1.3 meV at 4
K). Interestingly we observed that the linewidth shows a strong temperature dependence,
consistent with a mostly homogeneous mechanism.
The PL spectrum is very well reproducible and, given that the state mixing is highly
dependent on the environment, we were able to identify the presence of traps (i.e. crystal
defects) that red shift the PL of bulk PCBM of ∼35 meV. The homogeneous distribution
over the crystal surface and mono-exponential decay of the lifetime values suggested the
high-quality of the crystals.
We claimed that solvent-free crystals are a unique tool to get an insight into PCBM
optical properties without the solvent dependence. It would be nevertheless interesting
to investigate how the presence of solvent affects such properties given that it has a
major impact on the crystal structure.
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